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Regulation of the function of the first component 
of complement by human Clq receptor 
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University Hospital Leiden, 
The Netherlands 



Leiden, 



A membrane-associated receptor for the Clq subcomponent of^complement is 
widely distributed among different cell types. While a number of possible 
physiological functions of the Clq receptor (ClqR) on different cell types have 
been described, the way in which ClqR regulates complement activity remains 
unclear This report describes the mechanism by which ClqR regulates activa- 
tion of the first component of complement, CL Using purified components of 
complement, we were able to show that membrane-associated ClqR as wel as 
detergent-solubilized ClqR, purified from polymorphonuclear leukocytes, 
human-umbilical veih endotheliarcells or an endothelial cell line, EA.hy 926, 
are able to inhibit complement-mediated lysis of Clq-sensitized erythrocytes. 
Using hemolytic assays, we were able to demonstrate that ClqR prevents the 
association of Clq with Clr and Cls to form macromolecular CI In addition, 
incubation of ClqR with the collagen-like stalks, but not with the globular heads 
- of-Clq,-i-nhlbitrthe-effect-of ClqRrThis-demonstrates-that eiqR-e^^^ 
plement inhibitory effect by binding to the collagen-like stalk of Clq. No com- 
plement regulatory effect of ClqR was observed on preformed macromolecular 
ri These data sueeest that besides such well-known complement regulatoi7 
molecJS as CDsITdAF), CD46 (MCP), CD35 (CRl) and CD59 (HRF), 
ClqR too is able to regulate complement activity. 



1 Introduction 

The human complement system plays an important role in 
the humoral defense against microorganisms and m the 
initiation of the immune response. Activation of the com- 
plement system may occur via the classical or the alterna- 
tive pathwav. Both pathways lead to activation of C3 and 
to the recruitment and activation of the terminal sequence 
up to C9, resulting in formation of the membrane attack 
complex, C5b-C9 [1, 2], In vivo complement activation is 
regulated by a number of fluid phase inhibitors, such as CI 
esterase inhibitor (Cl-In) [3], factor H [4] and factor I [5]. 
In addition, regulation of complement takes place at the 
tissue level. Membrane molecules such as CD55 (DAF), 
CD46 (MCP), CD35 (CRl) and CD59 (HRF) have been 
shown to have important functions in this process [6]. Reg- 
ulation of CI activation occurs by Cl-In, which is able to 
react with activated Clr and Cls, present in macromolecu- 
lar CI [3, 7, 8]. Besides the regulation of precursor-Cl 
activity, Cl-In is also able to dissociate activated Clr and 
Cls from activator-bound Clq [9]. 

Many cell types, such as endothelial cells, platelets, fibro- 
blasts, neutrophils and lymphocytes, express receptors 
(ClqR) for the collagen-like stalk of Clq [10-19]. ClqR is 
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able to interact with fluid-phase and activator-bound Clq, 
such as is found in immune complexes [8, 20, 21]. Afunc- 
tional complement regulatory role for ClqR has not beeri 
described. However, since free Clq or activator^und 
Clq can potentially react with precursor Clr and Cls to 
form a new CI macromolecule [22, 23] we have now as- 
sessed how ClqR is able to influence the activity of CI. 

In this study we demonstrate that ClqR, isolated from 
endothelial cells or polymorphonuclear leukocytes, is able 
to inhibit the formation of CI, thereby regulating, activa- 
tion of the classical pathway of the complement system. 
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2 Materials and methods 
2.1 Purification of ClqR 

Endothelial ClqR was isolated from batches of 1 X lO" 
human umbilical vein endothelial cells (HUVEC isola ed 
and cultured as described by Ballieux et al. [24]) or tne 
endothelial cell line EA.hy 926 [25]. Cells were washed, 
disrupted by freeze-thawing five times in buffer A p mm 
sodium phosphate containing 5 mM EDTA, 150 niM NaU, 
10 mM B-amino-n-caproic acid (EACA), 0.5 mM PMSh 
and 0.5 U Trasylol, pH 7.5) and membranes were 
obtained by centrifugation for 10 min at 30000 x g. rm^ 
membranes were isolated as described by Leid et al. l^^h 
After PMN and endothelial membranes were washeoinrc 
times, sonicated and incubated for 2 h at 4°C with butter 
A, containing 1 % (v/v) NP40, the mixture was eentn uge 
for 20 min at 30000 x g to obtain detergent-soiubUize^^ 
ClqR. Supernatant was adjusted to a conductivity oi 6 ^ 
liSiemens (mS) by dilution with water, P^ee eared usi 5 
Sepharose-BSA and applied to a Sepharose-Clq cojmn 
buffer A, containing 0.05% (v/v) NP40. After extens^^^^ 
washing, bound material was eluted with a step graoiei 
1 M NaCl. In the fractions, ClqR activity (measureo^^ 
described below), protein content and conductivity 
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assessed. Fractions with ClqR activity were pooled, dia- 
lyzed against 20 mM Tris-HCl, pH 8.0 and subsequently 
applied to a RESOURCE Q anion exchange column 
"(Pharmacia BiotechrRoosendaalrThe-Netherlands)- After- 
washing, elution of bound proteins was carried out using a 
linear gradient of NaCl and fractions were tested for pro- 
tein content, conductivity and ClqR activity. Fractions 
with a conductivity between 15 mS and 20 mS, containing 
ClqR, were pooled, concentrated using a Speedvac and 
subjected to gel filtration on Superdex 200 HR 10/30 
(Pharmacia). ClqR activity was assessed and positive frac- 
tions, coinciding with an apparent molecular mass of 
60 kDa, were pooled, aliquoted and frozen at - 80 °C. By 
SDS-PAGE analysis one band of 66 kDa was observed 
after staining with Coomassie blue [27]. 



2.2 Isolation of Clq 

Clq was isolated essentially as decribed by Wing et al. [28]. 
In brief, Clq from 2.5 1 human serum was precipitated by 
treatment with PEG-6000 (E. Merck, Amsterdam, The 
Netherlands) to a final concentration of 3 % (w/v) for 1 h 
at O^'C. After centrifugation, the pellet containing Clq was 
dissolved in 150 ml Veronal-buffered saline (VBS is 
0.142 M NaCl, 5 mM sodium-diethylbarbiturate, pH 7.4), 
conductivity was adjusted to 12 mS with ice-cold water and 
EDTA was added to a final concentration of '2 mM. The 
solution was applied to a rabbit IgG-Sepharose column 
(prepared by overnight incubation at 4''C of human IgG- 
Sepharose with an excess of rabbit anti-human-IgG IgG 
and subsequent washing with PBS). After extensive wash- 
ing with PBS containing 2 mM EDTA, Clq was eluted with 
PBS containing 2 mM EDTA and 1 M NaCl. Fractions with 
Clq content, as determined by a Clq hemolytic assay [29], 
were pooled, concentrated and fractionated on a Superdex 
200 Hiload 26/60 gelfiltration FPLC column (Pharmacia). 
Fractions were tested for functional Clq activity in a Clq 
hemolytic assay and positive fractions were pooled, con- 
centrated to 8 mg/ml and stored at 0°C on ice. 



2.3 Isolation of Cir and Cls 

Human Clr and Cls were purified essentially as described 
by Peitsch et al. [30], with some modifications. In short, 
Cl in fresh human serum was precipitated with PEG-6000 
>vith a final concentration of 3% (w/v), centrifuged and 
the pellet dissolved in VBS containing 5 mM CaCU and 
VitiM benzamidine (Aldrich Chemie, Brussels, Belgium). 
Crude Cl was then applied to a rabbit IgG-Sepharose 
&>lumn and washed with PBS and 1 mM benzamidine. Clr 
|nd Cls were dissociated from bound Clq by elution with 
?BS containing 2 mM EDTA. In the fractions, Clr and Cls 
Sere determined by ELISA with antibodies against Clr 
Sid Cls (kindly provided by Dr. G. Arlaud, Grenoble, 
France). While Clr and Cls appeared in one peak, no Clq 
found in the fractions as determined by a hemolytic 
/y.-The protein peak containing Clr and Cls was 
fiS^led, concentrated and frozen in portions at -80'*C. 

? pool of Clr and Cls contained approximately 50% 
l&ivated Clr and Cls as determined by trypsin activation 
31]. 
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2.4 Isolation of C4 

C4 was isolated as described by Kalli et al. [32] with some 
-minor-modifications.-Fresh-human -serum -was-adjusted-to- 
3 mS by addition of ice-coid buffer containing 25 mM 
sodium phosphate, 100 mM EACA and 25 mM benzami- 
dine, pH 7.5 before it was applied to a Q-Sepharose Fast 
Flow anion exchange column (Pharmacia). After washing, 
bound material was eluted with a linear gradient of NaCl. 
Fractions were tested for both C4 and Cl hemolytic activi- 
ties. C4-containing fractions, eluting between 13 and 21 mS, 
were pooled, aliquoted and kept at -80X until use. No 
detectable Cl activity was present in the C4 preparation. . 



2.5 Detection of ClqR 

JbJetermineJhejcomplemejit inhibitory cap^^ 
from endothelial cells or PMN, the following experiment 
was performed: 1 x 10^ sheep erythrocytes (E), sensitized 
with rabbit IgG anti-E (EA) were incubated with 1/25 
diluted Clq-depleted serum (ClqD, [29]), a suboptimal 
amount of Clq and different dilutions of detergent- 
solubilized ClqR or equivalent amounts of sonicated PMN 
membranes in DGVB"'^ (71 mM NaCl, 2.5 mM sodium 
diethylbarbiturate, 0.05% (v/v) gelatin, 3% (w/v) d- 
glucose, 1 mM MgCl2 and 0.15 mM CaCb). After 1 h at 
37 °C, percent lysis was determined relative to a reagent 
blank and 100% lysis, expressed as units/ml (Z) and con- 
verted to percentage of inhibition. 

2.6 Influence of ClqR on assembly and activation of Cl 

To determine the effect of ClqR on EA-bound Clq, 
EAClq, (1 X 10^/ml) were incubated with increasing con- 
centrations of ClqR for 30 rnin at 30 °C, washed and sub- 
sequently incubated with 1/25 diluted ClqD for 1 h at 
37 °C. The degree of lysis was determined and expressed as 
percentage of inhibition. 

To examine whether ClqR could react with EA and cause 
subsequent inhibition of Clq hemolytic activity, EA (1 x 
10^/ml) were incubated with increasing concentrations of 
ClqR for 30 min at 30 °C, washed and incubated with a 
limited dose of Clq in the presence of ClqD. Again after 
1 h at 37 °C, lysis was assessed and the effect of ClqR 
expressed as percentage of inhibition. 

The effect of ClqR on the assembly of EA-bound Clq 
with Clr and Cls was assessed as follows: EAClq, gener- 
ated by incubation of 1 x 10' EA with 250 \ig/m\ Clq for 
30 min at 30°C in DGVB"^^, were washed and incubated 
with various concentrations of ClqR and a fixed dose of 
Clr and Cls. After washing the intermediates, the amount 
of Cl assembled on EA was quantified by incubation with 
15 ng C4 for 30 min at 30 °C. The residual amount of C4 
was assessed using a hemolytic assay for C4 [33]. 



2.7 Interaction of ClqR with collagen-like stalks and 
globular heads of Clq 

Since it has been demonstrated that ClqR interacts with 
the collagen-like stalk of Clq, EAClq were incubated with 
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a fixed amount of solubilized ClqR or equivalent amounts 
of sonicated PMN membranes and various concentrations 
of collagen-li ke stalk s or globula r head s of Clq (prepared^ 
as described bv van deTTDpbbelsteen et al. [34])-for 30-mm 
at 30 X. Following addition of a limited amount of Clq m 
diluted ClqD, samples were incubated for 1 h at 37 °C and 
finally assessed for reversal of ClqR-mediated inhibition 
of Clq hemolytic activity. 



3 Results 




The results of the present study demonstrate that soni- 
cated membranes of PMN (with an equivalent amount of 
0-20 ^ig/ml ClqR considering 46 ^ig ClqR/1 x 10^ PMN 
[17]) are able to inhibit Clq hemolytic activity to almost 
100% in a dose-dependent fashion (Fig. 1). Preincubating 
-a fixed amount of membranes (equivalent~to 1^25 [xg/ml- - 
ClqR) with increasing concentrations of collagen-like Clq 
stalks (0-5 |ig/ml) before the addition of ClqD and a lim- 
ited amount of Clq resulted in a dose-dependent reversal 
of the observed inhibition of Clq hemolytic activity to 
approximately 75 % (Fig. 2). Since co-incubation with glo- 
bular Clq heads did not reverse the inhibition of Clq 
activity, this experiment clearly demonstrates that the 
membrane-associated receptor for the collagen-like Clq 
stalk (ClqR) is responsible for the observed inhibition of 
Clq hemolytic activity. In agreement with our previous 
observations, detergent-solubilized ClqR, derived from 
ei^ther HUV^^ or "the endothelial cell line EA.hy 926 
inhibits Clq activity in a dose-dependent fashion. In addi- 
tion we found that solubilized ClqR isolated from PMN 
has a comparable activity to that of ClqR from HUVEC 
or EA.hy 926 (Fig. 3). All detergent-solubilized ClqR 
preparations induced a dose-dependent inhibition of Clq 
hemolytic activity with a maximum of 75-95 % . 

To obtain more insight into the mechanism of interaction 
of Clq with ClqR, all of the following experiments were 
performed with detergent-solubilized ClqR to circumvent 
effects of other membrane-associated molecules. To deter- 
mine the effect of the interaction of ClqR with EA-bound 
Clq, EAClq were first incubated with different concentra- 
tions of ClqR, ranging in dose between 0 and 5 ^ig/ml, for 
30 min at 30 °C, washed and subsequently exposed to 
ClqD for 1 h at 37 °C. This experiment revealed a dose- 
dependent inhibition of Clq activity, suggesting binding of 
ClqR to EA-bound Clq (Fig. 4). 

To exclude a direct effect of ClqR on EA themselves, EA 
were first incubated with different amounts of ClqR for 
30 min at 30 °C, washed and incubated with a fixed 
amount of Clq in ClqD for 1 h at 37 X. A slight binding 
to EA was observed, causing a subsequent effect on Clq 
hemolytic activity (Fig. 4). 

The effect of ClqR on the assembly of EA-bound Clq 
with Clr and Cls was assessed by incubating EAClq with 
a pool of Clr and Cls in the presence of different con- 
centrations of ClqR. ClqR caused a dose-dependent 
inhibition of formation of EACl, as demonstrated by 
inhibition of C4 consumption (Fig. 5). 

To determine whether ClqR also has a direct effect on CI, 
EACl was incubated with different concentrations of 
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Figure L Inhibition of Clq hemolytic activity by sonicated PMN 
membranes. Different concentrations of sonicated PMN mem- 
branes (0-4.3 X 10^ PMN/ml with an equivalent of 0-20 mg/m! 
ClqR (-■-) or BSA (-•-) was added to 1 x 10 EA m 1/25 
diluted ClqD with a suboptimal amount of Clq. After 1 h incuba- 
tion at 37 °C and centrifugation, A4i4 of the supernatants were 
measured^Percentage-of- lysis was-determined-relative. to 
reagent blank and 100% lysis and converted to percentage of 
inhibition as described in Sect. 2.5. 




Protein (ng/rrd) 

Figure 2 Reversal of PMN membrane inhibitory activity on Clq 
by co-incubation with collagen-like Clq stalks but not with Clq 
Piobular heads. PMN membranes (with an equivalent of 1.25 \xgf 
ml ClqR) were incubated for 30 min at 30 X in the presence of 
different concentrations of collagen-like Clq stalks (-H-) or g oth 
ular heads of Clq (-•-). A limited amount of Clq and 
diluted ClqD was added and incubated 1 h at 37 °C. Percentage of 
inhibition of Clq-dependent lysis was determined and presented 
as percentage of reversal of inhibition relative to that of CiqK 
preincubated with buffer alone. 
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Figure 3. Inhibitory effect of ClqR on ys s of EA ^IqD 
suboptimal amounts of Clq. Different ^''"t'onsof ClqR, 'SO' 
from HUVEC (-■-), the endothelial cell line Ea.hy 926Jr*^ 'tb-fj 
PMN (-T-), were incubated with l_x 10' EA, a limited amoun^^ 
Clq and 1/25 diluted ClqD. After 1 h incubation at 37 ^ »" 
trifugation, A,,» of the supernatants were measured. Perceni 
lysis was determined relative to a reagent blank an^^^' sec9 
and converted to percentage of inhibition as described m ^^i 
2.5. 
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ClqR, washed and the amount of activated CI assessed by 
indirect C4 consumption. No detectable effect of ClqR on 
activated CI was found (data not shown). 



0 1 2 3 4 5 6 
C1qR (^ig/ml) 

-Figured. Inhibitory effect of ClqR on lysis of EAClq in ClqD. 
EAClq (1 X 10') were incubated for 30 min at 30 °C with different 
concentrations of ClqR from PMN. After washing 1/25 diluted 
ClqD was added followed by 1 h of incubation at 37 X. Percent- 
age of inhibition of lysis was determined (-■-). To determine the 
direct inhibitory effect of ClqR on EA, EA (1 x 10') were incu- 
lcated 301hin"30''CwitH~different"anibMts^fG 
incubated with a limited amount of Clq in ClqD for 1 h at 37 °C 
Inhibition of Clq-mediated lysis was determined as before (-A-). 
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Jigure 5. Inhibition of EACl formation by ClqR. EAClq (1 x 
|;10'), were incubated for 30 min at 30 ''C with different amounts of 
ClqR, isolated from PMN, and a fixed dose of Clr and Cls. After 
washing, C4 was added and incubated for 30 min at 30 X. Resid- 
'ual C4 was determined as described [33] and the percent inhibi- 
tion of CI formation compared to tubes without ClqR was calcu- 
lated. 
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^i^re 6. Reversal of ClqR-mediated inhibition of lysis by 
z^bation with collagen-like stalks or globular heads of Clq. 
^Clq were incubated with a fixed amount of PMN-derived 
in the absence or presence of different amounts of coUagen- 
stalks (-■-) or globular heads (- -) of Clq for 30 min at 
ClqD diluted 1/25 and a limited amount of Clq were added 
incubated for 1 h at 37 °C. Percentage of inhibition of Clq- 
/ndent lysis was determined and presented as percentage of 
^ition of lysis. 



Tne interaction of ClqR with Clq was analyzed further by 
incubation of EAClq with a fixed concentration of ClqR 
in the presence of different concentrations of collagen-like 
stalks or globular heads of Clq. Following addition of a 
limited amount of Clq in ClqD, the degree of reversal of 
the ClqR-mediated effect was calculated. While collagen- 
like stalks of Clq caused a dose-dependent reversal of 
ClqR inhibition, globular heads of Clq had no detectable 
effect _(Fig. 6). _ _ . 



4 Discussion 

This stud y an alyzes the mechanism b y which Clq R exerts 
its modulating effect on Clq. The present study indicates 
that the nearly lOG % inhibition of Clq hemolytic activity 
by PMN membranes is almost exclusively mediated by the 
membrane-associated receptor for the collagen-like stalks 
of Clq, ClqR (Figs. 1 and 2). To investigate the mecha- 
nism by which ClqR inhibits Clq hemolytic activity, puri- 
fied detergent-solubilized ClqR was isolated from endo- 
thelial cells and PMN. To exclude the possibility that the 
behavior of detergent-extracted and purified ClqR differs 
from that of membrane-associated ClqR, detergent- 
solubilized ClqR from PMN and the cell line EA.hy 926 
was tested Ibr its capacity to inhibit Clq hemolytic activity. 
Fig. 3 shows that all ClqR isolates were able to inhibit 
Clq hemolytic activity and had a comparable capacity as 
that which we demonstrated previously for ClqR isolated 
from endothelial cells [12]. Since detergent-solubilized 
ClqR from endothelial cells and PMN had comparable 
activity as membrane-associated ClqR, all subsequent 
experiments were performed with detergent-solubilized 
ClqR isolates. Only data from ClqR isolated from PMN 
are presented since similar results were obtained with 
endothelial cell derived ClqR. 

ClqR exerts its effect on Clq hemolytic activity by binding 
to Clq (Fig. 4). It is demonstrated that pre-incubation of 
EAClq with ClqR followed by washing, inhibits Clq 
activity in a dose-dependent fashion. The experiments 
using collagen-like stalks or globular heads of Clq demon- 
strate that ClqR binds to the collagen-like stalk of Clq. 
These observations are compatible with the findings of 
others [11, 16, 35-37] and with our own results [12]. 

Macromolecular CI is composed of Clq, Clr and Cls, 
held together by cations [38]. Preincubation of EAClq 
with ClqR and subsequent incubation with a pool of Clr 
and Cls resulted in a dose-dependent inhibition of forma- 
tion of CI. We conclude from these experiments that 
ClqR, by binding to Clq, prevents association of Clq with 
Clr and Cls. It has been reported that upon activation of 
CI in plasma, Clr and Cls are dissociated from Clq by Cl- 
in [9]. This mechanism results in activator-bound Clq. 
Potentially, this Clq may again interact with precursor Clr 
-and Cls to form a-new CI molecule [39]. ClqR, by pre- 
venting this association, may therefore regulate the degree 
of complement activation on cells bearing ClqR, and 
thereby suppress amplification of an inflammatory reac- 
tion. In addition, it may be that ClqR is shed into the fluid 
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Ae, e,g. during inflammation and causes inhibition of 
implement activation. In this manner, ClqR may be of 
mportance in down-reg ulatio n of complement activation 
in general. 

In addition to ClqR, two other human Clq-binding mole- 
cules were described, which are both able to inhibit the 
classical complement route. Decorin, a small collagen- 
binding dermatan sulfate proteoglycan has a relative 
molecular mass of 100 kDa and is present as a component 
of the extracellular matrix on many tissues. Decorin can 
act as a complement regulatory molecule since it is able to 
inhibit C4 consumption in the fluid phase by binding to 
Clq. Like ClqR, it only reacts with isolated Clq and not 
with Clq in the CI macromolecule [40]. Since decorin 
binds to both the collagen-like and globular domains of 
Clq.it may prevent further interactions of Clq with for 
example ClqR; ^ - - ^ - 

More recently a globular Clq receptor of 33 kDa (gClqR) 
was isolated from Raji cells [41]. gClqR binds to the glo- 
bular heads of Clq and was reported to inhibit comple- 
ment activation in the fluid phase. The complement inhi- 
bitory mechanism is not known yet, but it is possible that 
gClqR interferes with the interaction of Clq with IgG. 

Besides Clq-binding molecules, many other complement 
regulators exist that are either membrane bound or found 
in the circulation (for review see [6]). Compared with 
ClqR, which acts at the earliest phase of complement acti- 
vation, most complement regulators interfere with com- 
plement activation in a later phase in the complement acti- 
vation sequence. For this reason, ClqR may be of impor- 
tance at the onset of an inflammatory response. 

The authors thank Evert Heemskerk for the isolation of Clq and 
culture of HUVEC. This study vvaj sponsored by the Netherlands 
Oganization for Scientific Research. 
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SUMMARY 

In this pupcr wc report partial amino acid sequence for Clq receptor (ClqR). The N-tcrminal amino 
acid sequence of isolated ClqR and ihe.scquences of peptides obtained by V8/trypsin digestion show 
a high degree of similarity to the cDNA-dcrived amino acid sequence of a human protein which was 
initially reported as a componcnt,of, RoSSA and^^^^ as calreticulin. This sequence in turn 

shows ;hpmolpgy ^N\i)^ Ond^^^ B50 murine melanoma antigen. A 

component pr approximately spleen, was found to have identical 

mobilily pii SDS-PAG to ClqR ahd'idenlical N-terminal sequence, but a different overall charge. 



•Iiimnn 



anlibodtes rrom Sjosrcai^s syndri 



reaction wiih;the purified 53^00^ spleen. Rabbit antibodies against denatured 

ClqR, in conirasL recpghiz^ both Ciq^^^^ 53,000 MW component. The 53.000 MW 

spleen cpmpohent thus has- ah' identical ^^N to calreticulin, and to the reported 

RoSSA coinppneht, and is recognized by antibodies in Sjogren's syndrome sera. The data obtained 
indicate that ClqR arid, the reported calrcticulin/RoSSA component arc similar but not identical 
molecules, which belong to the siime protein superfamily. 



INTRODUCTION 



^ The existence of a cell surface receptor for the CI q complement 
:.cprnponent was first suggested by Dickler and Kunkcl.' Clq 
•receptor (ClqR) activity has been reported on most lei'cocytcs. 
i'endolhelial cells, fibroblasts and platelets- and binding of C I q to 
^ilsJrecepiPr has been reported to niediale a range brphehomena, 
including phagocytosis, modulation of cytokine and immunb- 
^gjpb'ulin secretion, and piolymorphonuclear leucocyte-endo- 
^thelium interaction:^ Erdei and Reid"* extracted radioactive 
ffclqR from surface-radioiodinaled U937 cells and in biosyn- 
fthetic labelling studies using P'S]cysteine and P^S]methionine 
Hhey, showed that ClqR is synthesized by U937 cells. The 
'Wplccular species identified as ClqR by Erdei and Reid** has 
>bpcn purified from human tonsil lymphocytes, U937 cells and 
'^human spleen.'-'^ ClqR purified from these sources is a protein 
:{ Y; molecular weight 56,000, as assessed by SDS-PAGE under 
^:reducihg conditions. ClqR is an acidic glycoprotein with 15- 
3% carbohydrate^ and the detergent-solubilized protein 
;^ behaves as an elongated dimer of molecular weight 



Abbreviations: BSA. bovine serum albumin: ClqR, Clq receptor: 
^PBS. phosphate-buffered saline: 8-2 mM NaiHPOa/l-S mM KH:P04 
"^^•^ buffer; pH 7-5, containing 139 mM NaCI and 3 mM KCI. 

f Correspondence: Dr R. Malhotra. Medical Research Council 
/^Ilmmunochcmistry Unit, Dept. of Biochemistry, University of Oxford, 
ff bxford OX I 3.QU, U.K. 



1 15.000±7000. Purified ClqR was found to inhibit the binding 
of radioiodinatcd Clq to U937 c. lls.^ Three other proteins, 
conglutinin, lung surfactant protein A and mannan*binding 
protein, were found to interact with purified ClqR.^ These three 
proteins, like Clq, have been reported to be involved in 
phagocytosis and have similar structural organization to that of 
Clq.** The interaction of these four Hgands with ClqR indicates 
that their opsonic activity may arise through Interaction of these 
proteins with ClqR. Due to the structural and functional 
similarities between conglutinin, lung surfactant protein A, Clq 
and mannan-binding protein and the complement association 
or carbohydrate-binding characteristics of these ligands, we 
earlier proposed the name collectins for the ligands of ClqR,^ 
and the term collectin receptor for ClqR. Although the binding 
characteristics and cellula* distribution of ClqR are docu- 
mented and possible physiological roles of ClqR have been 
reported by a number of workers, no primary structure data 
have been reported in the past. In this paper we present peptide 
sequence for the collectin receptor and report on the sequence 
homology of ClqR with other proteins. 

MATERIALS AND METHODS 

Purification of ClqR 

ClqR was purified from tonsil lymphocytes by the method of 
Malhotra and Sim.'* except that the sample was further pro- 
cessed on a TSKgel DEAE-NPR (4-6x35 mm) high-pcrfor- 
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^^^^^ 




mahoe liquid c^^^ (TOSOHAAS, 
Phijaideiphi^ 

(pH 8;'0); T^^ 20-nil linear 

* gradient; (fioW^^^ ml/min); of^^^ in Tris-HCI 

buffer (pH 8 pi^Thiss^^ 

minorcnntamina^^^^ hy a 

. , funclion^^ 

CiqR'wdlr^^^^ reaction.'" 



Huniaii ;Si>lM^^ of 0 01 m 

sbdiump^^^ 

homogenhte Iwas^dehtnfuged 2 hr and RoSSA 

, -anltgieri:waspijH^^^ 

ffflA ' * lliematenal w^^^ high-pressuFC gel 

ion^xf hangciFi|tratt6^^ exactly asde^ above, to 

isolate a hpmbgerieousicompon^^^^ of approximately 53,000 
MW/termed by us^ 

To determine whether C 1 qR could be purified from the same 
source, the pellet from the homogenized sjplccn was subjected to 
detergent extraction. The pellet was tedissolvtrd in 10 mM 
: phosphatrbu?^^^ 

J 00 /ig 6^ /trypsin inhi^^^^ mM iodpacetamidc, 

2*5 mMid^ ; 1 , 1 0-phenan- 

throli nfc a nd' 5, . /ig^v of ^ pcpstati n/ni I. ; ^Thc ; detcrgcht;sol ublc 
; material ,w^^ 9^r^ ^ ^/^^'T'l jVf ^np Q fast , protci n iiq uiu 

chromalpgraphy (FPL^^ 

- with lb mM 'sodiiini ph^^ containing 0-1 7n 

(w/v) emulphogc^^^ Pbolc, U^Kv). Bound pro- 

tciifis were eluted with 4 linear ;gi^^^ m NaCI as 

d(»critMid previously.^ The Glq^ from Mono Q was then 
separated from minor cohtamiriants on a TSKgcl DEAE-NPR 
HPLC column as described earlier. 



Large-scale partial punfii-ation of crude RoSSA 
Larger quantities of human RoSSA were puriHcd from approxi- 
mately 200 g of human spleen following the method of Vcnablcs 
fr<i/.'- Fractions containing RoSSA antigen were identified by 
counter-current jmmunoclcctrophprcsis. This ma was used 
to make RpSSA rScpharpsc resin for adsorption of antibody 
preparations, Subsequent analysis of the material on a TSKgcl 
DEAE-NPR HPLC column, as above, showed that it did not 
contain component 2 identified in Fig. 3. 



Sodiimi dodevyl stdphaw-pohmrvfanude f;ei electrophorvsis 
(SDS-PAGEf 

SDS-PAGE was carried out as described by Laemmli.'^ Sam- 
ples were prepared (reduced or/and alkylated) as described by 
Fairbanks et al^ Proteins were detected with Coomassie 
Brilliant Blue.'-' 



Immimizaiion o f rabbits 

, Rabbjts were injected in the popliteal node region with ClqR 
(20 |ig) in polyacrylamide slices excised from SDS-PAGE. The 
act^lamidVwas hpinoge^ I ml of complete 

Freunii's adjuvant (CF A). Three booster injections each of 60 
/ig of soluble, purified ClqR in I ml of incomplete Frcund*s 
adjuvant (IFA) were given over a period of 3 months. 



Purification of antibodies ~ ^ ^ 
Anti-C I qR immunoglobulins were purified from pooled rabbit'^ 
antiserum by triple sodium sulphate precipitation.'* Purified ^^1 
antibody was dialysed against phosphate-buliered saline (PBS^^^f 

Sidercn s syndrome sera 
Human sera positive for ahti-RoSSA' were obtain^ from Ip 
patients with primary Sjogren's isyndrpme: Scm were analysed:!! 
for pnlibody against RoSSA and LaSSB at "the Danish Statc|| 
Serum Institute by the standard technique involving Outhterr^- 
lony immunodiffusion against extract of human spl^n|| 
(RoSSA) or extract of rat thymus (LaSSB), and involving^ 
suitable positive control standard sera. The sera selected for use;S 
in the present study showed positive reaction with RoSSA. 



Imnnmohiottin^ ( lyestern blot analysis J ■ 
Proteins to be immunobloiicd were run on SDS-PAGE under 
non-reducing conditions, and transferred to nitrocellulose :| 
(Hybond C. Amcrsham International, Amcrsham, U.K.). Anli-.;^ 
gens were detected using first antibodies and second ami body- 
alkaline-phosphatasc conjugates. The blot was developed as 'fS 
described by KolblciV d/.'" 

immunoassay (antigen capture assays) 

Microtilrc plate wells were coated with 100 /il of purified rabtiit?! 
anti-C IqR antibody (50 /tg/mi) in PBS and non-specific binding'^ 
sites were bliKked with bovine serum albumin (BSA) (3 mg/mljjS 
in PBS. Different dilutions of Clq R (50 /il: max cone. 50 /ig/mi);'^ 
in PBS were mixed with 50 /d of '-^Mabelled ClqR (2*5 /ig/mQ 
total c.p.m. loadcd/wcll I-2x lO*") and added to the anlibody-':jl 
coaled wells. BSA (50 /il: 50 /(g/ml) along with radiolabclledv^l 
ClqR were loaded on the plate as a control. The plate was';^ 
incubated for 2 hr at ambient temperature (18-22 ). The platc;:| 
was washed extensively with PBS. Bound radioactivity was 
solubilized and removed with 300 //! of 4 m NaOH. 

Agglutination of U937 cells 

U937 ceils were grown in 50-ml culture flasks under standard 
conditions.'' Cells ( ^ 10") were washed three limes with PBS 
and were suspended in I ml of PBS. The cell pellet obtained from J 
200 ;il of I his cell suspension was rcsuspended in 200 /il of^l 
purified anti-ClqR immunoglobulin (0-7 mg/ml) in PBS con- 
taining 0*1% (w/v) sodium azide and incubated for 30 min at fr 
ambient icmpcraturc. Immunoglobulin (0*7 mg/ml) purified?^ 
from the serum of the rabbit prior to immunization was used as ;| 
a negative control. Cells were washed three limes with I ml of 1 7 
PBS containing O Pv» (w/v) NaNv To the cell pellet was addcdS| 
100 /il of goal anli-rabbil IgG (500 /tg/ml) in PBS containing; f 
01 'ill (w, v) NaNi and the cell suspension was incubiUed fpr !| 
30 min al ambient lempcralure. After extensive washing in PBS.'^^ 
the cells were suspended in I ml of PBS. The cell suspension was | 
observed for agglutination by light microscopy. 

Fluorescence detection of bound antibodies 
U937 cells ( ^ 10') were washed, rcsuspended and treated with 
anli-ClqR immunoglobulin as described earlier. Immuno-;^. 
globulins (0-7 mg/ml) purified from the serum of the rabbit priory 
to immunization or purified rabbit antibody rai^ againstf| 
complement component C3 was used as a negative control. Cells 
were washed three times wilh I ml of PBS/NaNji. After washing 
three times with PBS the cells were incubated with anti-rabbit /'^ 





|||fitc 

^icscehce microscopy using a Z^^ 
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25,000 



^ihanblamine:-HGI ;;buto 4B 
P^t^fifnil) was prcrcquHibraled 

ll^^bit aiUi^C IqR ahiise ih^aiffiriily 
■■column, and the column was washed with, PBS, uiiiil itic OD.w 
^'^ipf ihe eliiate was reduced io background.. The column was 
^washed with 6 ml of dcionizcd water and the hound IgG was 
^fl^uted with 3 m MjgCI;. The material which did not bind to the 

^I^^ific! afnU^ 

fe^Swere designaicd.as ^RoSS A crp^^^ antibodies. ^ ■ 

^i^^i/i/c/ffw yif//f/ qlkytdtidn vj' proteins i ; ; ; > ' 
iS3S^mpl0s ior sequence analyst addition of 

^nidiu^ Ti^5-H<Cl '( prf 8-0)janid 

l^reiduced by the addition of dithioihreitol al a final concehiratibn 
^of;6:5 mM/The samples were incubated (or I hr at 37^Vthen 4- 
I^Jiviriyljpyndirie was added to a final cbhixntralipri of 88 m to 
f;S!aMck free cysteine residues. The samples were further incubated 
Mvlpr l hr at 37 , dialysed exhaustively against 10 mM NH4OH, 
£^^;and Trccze dried. 

^^i/tmino acid scqttencitig 
l^iPurified ClqR was reduced and alkylated and the N-terminal 
^f^ianiino acidvscqucnce was obtained using an Applied Biosystcnrts 
iI3^?flA:prolein se^ and Applied Bidsysiems 1 20A aha 
?S§^rqR was found to be highly resistant to trypsin digestion. 
I^SThcrefbre, the, protein was digested with Suiphvipcocvus aureus 
^^S^proieiase (BCLv 

^^uccd'and alkylated and dialysed against 0-1% (w/v) ammo- 
rifnjufri bicarbonate;. The protein was incubated with 5'/i (w/w) V8 
g§|»r lease lor 2 h at 37 .The peptides, were separated on a O 
^fieyersc^phasc HPLC column, prcHcquilibrated in 01% iri- 
'tijfluprpaw^^ Peptides were cluted with an acetoni- 

J^irile gradient (0-1 00^^^ 0- 1 % TFA. The amino acid coniposi- 
It^ti n f purified peptides was analysed by HPLC with the Waters 
^JPicorTag system (Millipore, Watford, U.K.) after hydrolysis in 
P^HlS m HGI (6 hr at 125 ). Appropriate peptides were subjected to 
1^: Js^tience analysis as above: 

1% ; In a second set of experiments purified ClqR (50 fig) was 
p;;rcduccd and alkylated and dialysed apinst 01% (w/v) ammo- 
^vhTum bi<^^^ The prbieih ; was incubated \yitK 2 //g of V8. 

Jpr' t^a^^ r r j 6 hr at 37' ^ followed b^ hr ihcubation at 37 

^^i}f^ ^^yy^ C4 HPLC column (250x4-6 mm), pre- 
il;^uilibra were eluted with a linear 

11. ^idient of 4-72% acclonitrilc in 0- 1 % TFA. 



Figure I. Analysis by SDS-PAGE of different 53.000 MW components 
isolated from spleen und tonsils. These were run on a 10% gel. and are 
non-reduced. The inujor components arc all of apparent molecular 
weight 53:000. Lane I. RoSSA purified by the method of. Wa 
-without the further purification described -in Materials and Methbds^ 
Jane 2. component 2 from the RoSSApreparationVfourid tb co-run wiih^_ 
ClqR on the TSKgcl DEAE-NPR HPLC coIumnV lane 3, ClqR^ 
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RESULTS 



N-terminal sequence of ClqR 

ClqR was purified as described in Materials and Methods. 
Purified material, as analysed on SDS-PAGE, under non- 
reducing conditions, is shown in Fig. t (lane 3). A sequence of i4 
amino acids at the N-terminal of ClqR was obtained (Table I). 
This sequence was found to be i>ientical to the N-terminal 
sequence of a protein reported to be a component of the 
autoantigen RoSSA"* (Table 1). 

Peptide sequence 

To obtain peptides for sequencing, purified ClqR was digested 
with Stapliylovoci us aureus V8 protease or with V8 protease and 
trypsin. Nine of the total of 12 peptides sequenced had 
sequences identical to segments of the reported RoSSA compo- 
nent'*'*'^ (Table I ). Two of the remaining three peptides show 
similarity to the RoSSA component'^ and the other peptide 
sequence is not present in the reported sequence of the RoSSA 
component''* (Table I). As noted in Table 1. there is clear 
quantitative evidence that the peptides which do not match the 
RoSSA sequence arc not derived from contaminants. 

Specificity of anti-ClqR antibodies 

The specificity of anlisera raised against ClqR was established 
by radioimmunoassay and by Western blot analysis. Radio- 
immunoassay was performed as described in Materials arid 
Methods. Different dilutions of unlabelled ClqR and BSA were 
used as potential inhibitors for binding of radioiodinaied ClqR 
to anli-ClqR antibodies. Concentration-dependent inhibition 
of binding of -label led ClqR to microtitre plate-bound ahti- 
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" TaWe^^^^^^^^^ Excep! for the sequences obtained Tor peptides 1. 2 and 3, 

'/alMhc to segments of the reported RoSSA component.'^ On a 

' quantitkfe at first sequence step 70 pM each; not present in RoSSA) were 

isolated in the s^^^^ peptide 6 (initial yieid 79 dm: present in the RoSSA sequence): all the three 

peptides wei^ gcneratecj'ty V8^^ and were from the same batch of digest. This is a strong indication thai 
- " peptides I and 2 are not derived from contaminants 



peptide nb: 



.'Peptide sequence 



NricnninarofqqRw EPAVV 
Peptides generated ;by \'8 protease digest 

_2 ^DNQSENMS^^ 

3 KPAbMS-S 

4 QFLDCDG-TS 

5 IDNPE 

6 DNPEYSPDPSIYAYDNFDVL-L 

7 PDPSIVAYDNFDVL 



Sequence identity or similarity with 
RoSSA (region) 

position I -14 



Two KG-OT sequences in RoSSA 

_not.present in.RoSSA 

KPEDWDPE sequence present in RoSSA 
position 9 IS 
position 278 282 
position 279 M)0 
position 285 298 



Peptides generated by Trypsin/VS protease digest 

8 KPEDWDEEMDGEWEPPVIQNP 

9 . GLDLVVgyK 

10 /ibWpEYSPDPsiY 

1 1 VkibNSQVE 

12 FTVk 



position 233 253 
position 299 306 
position 278 290 
position I6S 176 
position 79 82 



C I q R 'was observed in ihc j>rcscncc of uhlabidilcid purified C I q R 
(Fig/.2a)/ whereas ;BS^^^^^ 

belied G lqR to the ahtibbdy: T^ rccogniiion of 

'-'l-labcl!ed ClqR and un^^ by the antibody 

preparation. Partially purified C I q R Jrohi detergent-soluble 
material from the spleen (after - Mono Q FPLC column 
chrpmatography) was separated by 2b; lane 

t) ahd blottcKl on hjtrdccnulosc^^fi described in Materials 
and Methods. The blots were probed with anti-ClqR antiserum 
and rabbit anti-C3 antiserum as well as with immunoglobulin 
from the control preiminunizatipn bleed of an anti-ClqR 
rabbit. A singie^band p^ tb ClqR was recognized by 

the antiTCiqR scrunrt (Fig. 2K lane 2)|, but no band with similar 
MW was recognized by the control antisera (not shown). 

Purification of RoSSA 

ClqR was found to have a high degree of primary sequence 
identity with a protein reported initially to be one of the 
components of the complex RoSSA auioantigen'** (Table I). 
Subsequent work-"** has indicated that the cDNA sequence 
presented by McCaulifTe et may correspond to hiiman 
calreticulin, and there is further uncertainty as to whether the 
cDNA scqiicncc does represent a component of RoSSA.-" The 
function and the cellular localization of the proteins (RoSSA 
component or calrcticulin) encoded by the cDNA sequence*'' 
arc uncertain. ClqR; in contrast, has been isolated on the basis 
of a. highly, defined funclion^'^ and is expressed on the cell 
siirfacc: H Weyen Glq^^^ clearly closely related to the cDNA- 
dcfihcd %quence;l**^^ to investigate further the relation- 

ship fbictwciBriClq^^ the related species. RoSSA wits 
partially piirific^;from a spleen extract by a standard method." 
Wu et (iiy reported isolation of two pplypeplidcs with MW of 
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FiRure 2. Spccil'idty of anti-ClqR ;intibtHlie.s. (a) Binding of radiola- 
bcllcd ClqR to solid phusc immohilizLxl unti-ClqR antibodies in tlic 
presence orunlabelleil ClqR or BSA. Different dilutions of unlabcllcd 
ClqR (O) were mixed iviih rudiola belled ClqR in PBS and loaded on to 
niicroiiire plate wells eon led with purified anti-ClqR antibtxiy. BSA (□) 
mixed with radiolahelled ClqR was loaded as a control. After extensive 
washing the hound c.p.m. were measured, as described in Materials and 
Methods. Control anlibtHlies. namely purified rabbit antibodies again.st 
C3 and immunoglobulins purified from serum of the rabbit prior to 
immunization wiih CloR, did not recognize radioitniinated ClqR (not 
shown). Results of a single experiment with the average and range of 
triplicate experimental points are shown, (b) Western Wot analysis of: 
partially purified ClqR with anti-ClqR antibody. Partially purified 
ClqR from detergent solubilized extract from spleen was separated by' 
SDS PAGE and blotted on nitriKellulosc filters. Lane K Coomassie; 
Blue-stained gel track; lane 2. blot probed with purified anti-ClqR 
iuitihody. A single hand corresptmding to ClqR was detected. 
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l^.rflfiU'^ 3. Elution profile ol' purified ClqR ( ) from tonsils and 

Impartially purilied RoSSA { ) from the TSKgcl DEAE-NPR HPLC 

column. Only peaks 1 and 2 contained material of apparent molecular 

weight 53,000 (unreduced). 

I^Aapprpximajely 60.000 and 55,000, us analysed. on, SDSp PAGE, 

i|mctK6d^ single .major polyppptidbrpf ,M\y^ 

!^Cr ig. i , iaric i ) updcr nqh* red uci hg cpndi ; ions : wa^ oblal ned by ; 

showed positive reaclioh in Western biqttirig with 
l^a^ti^RpSSA s^ C \qR also migrates as a 53.0bO|M : 
^15n;;SpS^PAGE und^^^^ conditions. The fractions 

^?cpntaimng R6SSA a ori theTSKgcl 

"jPEAE-NPR HPLC column as described in Materials and 
^Methods. The 53,000 MW materia! was found to siepa.«:e into 
p:twp components of apparently identical lyiW, com'poncn! 1 
pi^msyo^^ 2 (minor) (Fig, 3), on the HPLC column. The minor 
g^co^iiipoiicnt, component 2 (Fig. I , lane 2), was found to co-clutc 
^^■wilh ClqR activity (Fig. 3), while the other was less acidic. The 
N-lerminal sequence (up to 12 residues) of both the components 
' Was found to be identical to the N-lerminal sequence of ClqR 
Igpurifipd from tonsils (Table I), which in turn is identical to the 
p^pprial N-tc^ sequences of a RbSSA component'^ and 
^j(wircliculin:^ 6f these tw components, only component I was 
^repognized by human antibodies in Sj6gren*s syndrome sera. We 



riherefore interpret component I as being an appropriate 
candidate for a component of RoSSA autoanligen, while 
c mponcnt 2 is ClqR. as determined by functional assays.' ^ 
g^Gpmponent I is referred lo hereafter as 'RoSSA\ 

ll^F^iiftcation of ClqR from detergent solubilized spleen lysate 

The pellet obtained from the spleen homogenate after the 
^f'Standard RoSSA extraction method was rcdissolved in detcr- 
l^genKontaining buffer and the procedure for purification of 
||.CiqR was followed. Analysis of partially purified ClqR on 
|^;SpS-PAGE under non-reducing conditions is shown in Fig. 2b 
|^:(lane I). ClqR from spleen migrated identically to tonsil ClqR 
n the TSKgel DEAE-NPR HPLC column (Fig. 3). 

|^^W^e^i blot analysts and antibody binding of 'RoSSA' and 



l^f^The results above indicate that ClqR has considerable but not 



/^complete sequence idemirTtoThe RoSSA component r-^rted 
by McCauliffe et al}"* and has the same N-temiinal s^uehce as 
an anti-RoSSA reactive protein (Fig. 3, component I ) isolated 
. by us from spleen However, ClqR does not co-elute with 
-RoSSA' on the TSK-DEAE HPLC column, and can L;; 
differential ly extracted from spleen. To investigate the similar- 
•xities^i)^^ and •RoSSA\ Westciii blptlana^^ 

qifferent molecules of apparent MW. 53 06o.\(n6h-rcdu^^ 
■isolated' from spleen and tonsils was pcrfbrmcd.>f he proteins 
"were blotted onto nitrocellulose. Different sets :of fillers were 
treated with Sjogren's syndrome sera from any of eight patients 
or with anti-ClqR antiserum and the blots were developed with 
alkaline phosphatase conjugated anti-human IgG/ahd ' anti- 
rabbit IgG respectively. The results of the experi merits are 
shown in T»ble-2. Ail the 53;0OO M W proteins shbwe^^^^^ 
reaction with anti-ClqR antibody, whereas antibodies from 
Sjogren's syndrome sera only interacted with purified *R6SSA' 
(component 1 ). To investigate further the antigenic differences 
between ClqR and ^RoSSA', anti-ClqR antiserum was frac- 
tionated on a RoSSA-Sepharose 4B affinity columin made with 
partially purified RoSSA. Purified ClqR and 'RoSSA' were 
separated on SDS-PAGE and were blotted on nitrocellulose 
'Jillers. vDifferent sets of filters were incubated with unfrac- 
.'.lipnaled^ and with the putative ClqRrsp&i fid^^^^^ 

l^RbSSA cross- reactive fractions obtained from RoSSA^^^^ 
ose, vLfnfraclionatcd anti-ClqR, ClqR-s|wcific :aiid' RoSSA 
cross-r-eactive material showed positive reaction with ClqR 
(Table, 2). whereas ClqR-spccific showed no reaction with 
'RoSSA' (Table 2). Therefore the anti-ClqR aniiseriim can 
successfully be absorbed to remove specificity for 'RoSSA' 
without complete removal of anti-ClqR activity. 

To establish further the differences between ClqR and 
'RoSSA'. the binding of purified ClqR and 'RoSSA' to solid 
phase immobilized anii-RoSSA immunogio'oulins (i.e. the im- 
munoglobulin fraction from Sjogren's syndrome sera), anti- 
ClqR immunoglobulins and control immunoglobulins was 
investigated. Microtitrc plate wells were coated with 100 /<l of 
purified rabbit anti-ClqR antibodies (50 /ig/nil) or purified 
human anti-RoSSA antibodies (50 //g'ml) or purilied rabbit 
ahtt-ovalbumin antibodies (50 /jg/ml) in PBS. Non-specific 
binding sites were blocked with BSA (3 mg/ml) in P6S. 
lalwlled ClqR or '-M-labcllcd 'RoSSA' in PBS was loaded on to 
the immunoglobulin-coatcd wells and incubated for 24 hr at 4 . 
After extensive washings with PBS the bound c.p.m. were 
measured as described in Materials and Methods. The results of 
the binding experiments arc shown in Fig. 4. Radioiodinated 
'RoSSA' was found to bind both to anti-ClqR and to ariti- 
RoSSA, whereas radioiodinated Ctc;R did not bind signifi- 
cantly to anti-RoSSA. The Western blot analysis and the solid 
phase binding studies indicate that ClqR and 'RoSSA' have 
antigenic differences. 



Agglutination of U937 cells by anti-ClqR antibodies 

McCauliffe Wr//.'*' stated, without presenting experimental data, 
that the antibodies raised against the amino terminal portion of 
the protein encoded by their cDNA sequence (a sequence 
segment identical to the N-terminus of ClqR). locate only an 
intracellular species in mouse L cells (fibroblasts) and human 
Hcp-2 cells (epithelioid cells). Erdci and Reid** however, showed, 
by surface radioiodinativ i of U937 cells, that ClqR is located 
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Table 2. CroM-reac^^^^ WetJtem blot analysis ofdifferen! 53.000 MW components 

-isolated frpm^s^^^^ antiserum and anti-RoSSA antiserum. Materials blotted were 

compbnehts'l and 2 fpm thie.spleen isolated ClqR from tonsils (cp-running with component 2 on 

HPLG) and the C I qR extract from spleen after th- FPLC mono Q step of purification 



- — Antiscriiifn ' >; y ' ; • from spleen ( tonsils) 

Anti-RoSSA antiMrum (hunia^^^^ +4-4- 

' Aniiscruml^^^^^ ■ + + + + + + 

Aniiiierum tad^^ W ^ — + + + 

L jj^t^^nd lo RcSSA : ScphtjroiiC; _ 

Aniiwrum t'odcnaturcdlriq^^ + + + + + + 
which bound to RoSSA-^Sepharosc 



Blotted protein 



Partially purified ClqR 
(ilv'tcrgcni solubili/cd 
spleen extfaci) 



^ 4- 
ND* 



.Component 2 
from the spleen 
RoSSA preparation 



+ + + 

Ni:) 



ND 



ND 



m 



-7^ 



* ND. no I done. 



on the cell surface. Purified soluble ClqR also inhibits the 
binding of ra^^^^ 




pla.sma membrane immunofluorescence was observed. This 
confirms that the anli-ClqR antibodies are recognizing an i| 
antigen exposed on the.ccll sui;face. .^^ -r^^^^m 



-In lhc;pre*in^^^ 

' ^ri'V37^dls wa^^ of 
Tion-immunc i-abbit^ 

^ tnilcd C FigJ; 5 b]^; I ifi sci of cx^rimcri tiTlJq^^ Is were 

treated: witKyanii^^ V "P'V*'^'^i^n^Ti»bb^ iin- 

muhoglobulihs, followed by interaction with FITC-labelled 
uhti-rabbil IgG. Figure 5c shows that in ihe intact cells specific 
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R6SSA 



ClqR 



FlRure 4. Binding of radioiodinaicd ClqR or radioiodinatcd 'RoSSA* lo 
immobilized anli-ClqR antibodies or anti-* RoSSA* antibodies. Radio- 
iodinatcd ClqR (c.p.m. loaded/well I x 10^; specific activity 9x 10^ 
c.p.m./^g) or radioiodinatcd RoSSA (componcnl I from HPLC (c.p.m. 
loaded/well I x 10^; specific activity 9 x 10' c.p.m./^g) was interacted 
with immobiliswd purified antibodies against.ClqR (Q), *RoSSA' (■) 
for 24 hr at 4' ; After, ektcnsi ve w^^s^^^^ j>oun'd c.'p. ni. were measured^ as 
, dy^*rH>cd in Materials and Mcltio^^^^ is measured relative to the 

numb^rjo^^^^^^ Results 
arc the averaged of duplicate' Vxjjcriments. background binding of 
radiolabclled ligand to purified anti-ovalbumin-coated wells has been 
subtracted. 




Figure 5. Agglutmation of U937 cells by-iiritiiClqR^ a^ ;r3 
colls ( 10 ■ cells* were incubated with purified anti-ClqR antibodies andWi'" 
control aniibt>dies in PBS containing NaNu as described in Materials 
and Methods. <a) Agglutination of U^."*? cells in the presence of purified ' 
anli-ClqR antibodies: (b) 119.^7 cells in Ihe presence of control non- 
immune IgCi; ic) immunotluon^scence staining of unfixed U9.U cells. . 
Unfixed LI937 cells were treated with lirsi and second antibody in thi:.J;|| 
presence of NaNi at 4 . as described in Materials and Met hi>ds. Cells S| 
exposed to a nl i-C I q R an tibtnl y showed specific staini ng of t Iw plasma- SI 
membrane. Results of several dilTerenl experiments an; shown. The celLs 
treated willi coniroi serum were nol stained imd were not visible in these, 
amdititins. 
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Human uigK • . , 

Murine CalreUicuiin \ ! /^^^ ^ ; YFKEQFLDGDAWTN 

Murine B50 melanoma /antigen " ^ A iyFKEQFLtIGJ!l& 

.Human KpSSA/c^^^^^^ FKEQFLDGDGWTS 

■ Rat'protfeln^^^ F-EQFLD-EA 

_ _ ^'P^yi^^lSf^!^'^f^^ : '''''--ji^'--:- > P 3j V YFKE£FfiD!iAli 
(AplysiaAcaii fornix 7 
n eu r onai^ p rot e in 40 7 ) . , ■ , V 

Figure 6. Amtno-tcrminul !U:quence of CM qR,, and its. homology with RoSSA,ca]rcliculin.'^-^' mouse calreiiculin." murine B50 
melunoma antigen.-^ rat protein 425*** uhii aplysia protein pio?.*"* The amino acids not present in the CtqR sequence arc. underlined. 



DISCUSSION 



; ln this paper the partial atnino acid sequence of ClqR is 
; described. In Tabic 1 the sequences of the ClqR peptides 
^goiicwiiid^y^ 

^Ippriiohs of Ihe}^ nipph [ 

scflucni^ friw jii^cin scquciiceolHcn 
'"'^IJihai-Ciq^^ iina the cpNA-dcnned componcrilyr^ 
^ Jrnplecules^^^ w^^ a bigh level of sequence' simi On ,3 
t^;iuanUuilive:basis (T^ 

f^M>t^ match the kbSS A/calrciicuHn cDN A-dcriycd sequence 
Ip^have been sequenced ait the same quahli^^ 
tejpcptidc and arc dc- 

lii|nved from the same digcslsl Since ClqR has been purified 



hitrh, f*r»cr\liili/in inn. 



ipjxchange, this strongly suggests that the noii-malching peptides 
; are not from contaminants, and therefore that the sequence of 
?;lhe RoSSA component/ciilreticulin'- is not identical Ihrough- 
• put to that of ClqR. Further evidence to support this view 
; cpnies from the composition analysis. McCaiiliffe <'//i/.''* suggest 
Epri> the basis ^ 

■rjgidas^^^^^ digcslibn .that the R6SSA .protein 

fcl^mtains no bafbbhydrate, although the cpN A sequeince iiidi- 
'fcalcs 6nc potcnlial N-linkcd glycosylalton site. Analysis of 
fffGtqRjrepoh earlier,* however, shows that glitcosamtne is 
icSi:' ^ireseht/^ the carbohydrate composition of CI q R strongly 
psiiggcsts that two or three NMinked carbohydrate chains are 
p^icscnt on each mblewiuie/^ Corhparispn pf amino acid com 
tions, compiled from the cDNA sequence'? and experimentally 
determined for ClqR,* shows considerable similarities, but with 
I'f siighifican^ differences. It is notable that the cysteine content is 
pVhighcr in ClqR (3%) than in RoSSA (1%). Experimental 
^|iquantitatton of cysteine in amino acid analysis generally leads to 
l^^undere^^^ for ClqR, cysteine was measured, with 

S^l bd ajgrecmcnt. as both an oxidized and an alkylated form.* 
1^ the cellular localization of the RoSSA antigen component 
^Idescnbed^^b^^^ appears to be intracellular. The 

^rj^ta pr^ this paper a iid elsewhere show that ClqR is on 
5;! the cd Further ievidence' for rion-iden ti ly between the 

^;twpr prbtei ns was provided by t He anligchic cross-rcacli vi ty 
studies. Anti-ClqR antibodies were found to cross-react with 
iRpSSA" (i.e. the species isolated by lis from spleen), but 



Sjogren's syndrome patients sera with anti-RoSSA antibody 
showed no reaction with ClqR. The rabbit anti-ClqR anti- 
bodies prcabsorbcd with RoSSA-Scpharose showed p<)sitive 
reaction with ClqR and no reaction with RoSSA. On the basis 
; of cellular localization, composition and antigcnicUyf.thcrcfQrc; 
' itiippears that ClqR is not identical id the prpteiri/c^ 
: dcscnbcd by McCauIiffc ct al. or Rokeach ei b^ 
t^.a closely related protein with segments which arc; idenU^^^^ 
; ihosc oi the cuirciicuiin/KoSSA protein. S lie - presence oi 
extensive identical and non-identical segments in pfroieins is an 
: lihusual type of homology, but as noted by McCauli^fe t'^■^^^^ 
me Onchocerca volvulus RAL-1 antigen-' shows 'this; type ^ 
of relationship to the cDNA-derived RbSSA/calreticulin 
sequence. The O. volvulus protein is 63*^11 identical to the RoSSA 
coinponcnt over the region of sequence available for compari- 
son, but contains sc"mcRis of completely IdcnticaL and seg- 
ments of completely different sequence. A group of proteins, 
many of which are characterized as calcium- binding proteins, 
have a similar N-terminal sequence toClqRand tocalreticulin/ 
RoSSA component. Some of these arc shown in Fig. 6. The 
complete sequence of the human calrcliculin,' RoSSA compo- 
ricni is very closely related (92'*;, identity) to the sequences of 
mouse and rabbit calrcticulin,- as might be cxpc;clcd if it , is a 
species homologue. Among the proteins shown in Fig. 6. it is of 
interest that two mouse proteins, melanoma antigen B50 and 
calrcliculin, have very similar but noi identical N-terminal 
sequences, but the reported cellular localization of the two 
molecules is different. B50 antigen has been reported on the cell 
surface of non-melanoma and melanoma cell lines,-^ whereas 
calrcticulin has been reported as an 'endoplasmic protein.- The 
relationship between two mjuse proteins may resemble that 
between the two human proteins, ClqR and the calrcticulin/ 
RoSSA species. 

The interpretation of the relationship of ClqR to the 
reported RoSSA'" or calrcticulin-" cDNA sequence is made 
complex by controversy as to whether the cDNA sequence does 
indeed represent a RoSSA component, or whether it represents 
calrcliculin. Calrcticulin is not thought lo be recognized by 
autoantibodies in Sjogren's syndrome sera.^' However in this 
study, we have isolated by high resolution chromatographic 
" methods a homogeneous protein species from spleen which' has 
the same N-lerminal sequence as the reported RoSSA compo- 
nent,"*'"* and is recognized by antibodies in Sjogren's syndrome 





scra^which-have 1^ 
R6SSA;i^itii^^ 
: Willi McCa^uijfiel^ 
pr teiiii Gl^RJwitlvihe not 
rec gnized byiSjogre^^^^^^^^^ \yhich: Has iriter- 

nal sequence which js different from the cDISlArderived R 

£RpSSAycal 

sequeiiw^ajidi^^ a 

type of h^mbjt^^ 
/ . of complAci^^ 
bf^cD^^^ sc^ue^ 
'(PCR)r based ici)^ 
tiontby^p tote in^sequc^ 

closely related p^^ \ / 

In conclusion, ^the simtlarity in polypeptide size, overall 
chargc;^hd in bldckS;Of^ 

reported human RoSSA coniponent; calreticiilin, O. volvulus 
RAL-I antigen, murine BSO. aplysia p407 and rat 0425, indicate 
that ClqR is part of a highly conserved protein family. 
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Abstract 

Clq receptor (ClqR/collectin receptor/cClqR) has an almost complete amino acid sequence identity with calreticulin 
(CRT). ClqR/CRT is located on the surface of many cell types. Binding of Clq to Clq receptor elicits a jange of 
immunological responses. ClqR also interacts with the coUecttns SP-A, MBL, CL43 and conglutinin via a cluster of charged 
residues on the collagen tails of the ligands. In order lo localise Clq and collectin binding activity within ClqR/CRT, 
recombinant ClqR/CRT domains [N (residues 18-196). P (197-308) and C (309-417)] were produced. Both the N- and P- 
domains bound to Clq, demonstrating that the binding site spans the intersection of these domains. Amino acid alignment 
analysis identified a putative CUB module within this region. This S-domain (residues 160-283) was expressed and showed 
concentration-dependent binding to immobili.sed Clq, demonstrating that it contains the Clq binding site. Competitive 
inhibition studies of the S-domain-Clq interaction revealed that the S-domain binds to Clq collagen tails and to the collectin 
proteins, SP-A, MBL, CL43 and conglutinin. The Clq and collectin binding site on ClqR/CRT has therefore been localised 
to the S-domain. © 1997 Elsevier Science B.V. 

Keywords: Clq receptor, Calreticulin; Clq; Collectin: Complement 



1. Introduction 



Clq receptor (cClqR or collectin receptor) was 
the first cell surface receptor for the recognition 
subunit of the first component of complement to be 
isolated (Ghebrehiwet et aL» 1984). ClqR has an 
almost identical amino acid sequence to calreticulin 
(CRT) (Malhotra et al., 1993a), a highly conserved 
abundant multifunctional calcium binding protein, 
indicating that it is a cell-surface expressed isoform 
of CRT. ClqR and CRT are both 47 kDa proteins 
(from mass spectrometry (Malhotra and Sim, 1993)) 



Abbreviations: ClqR, Clq receptor, CRT, calreticulin: SP-A, 
lung surfactant protein A; MBL. mannose binding lectin: ER, 
endoplasmic reticulum; SLE, systemic lupus erythematosus: PDI, 
protein disulphide isomerase 

■ Corresponding author. Fax: +44-1865-275729. 

' It is becoming increasingly clear that the protein variously 
denoted as *ClqR\ 'cCIqR* or 'Collectin receptor' is a cell- 
surface isofomj of calreticulin. Calreticulin has itself been denoted 
as CRT, CaR or CR (and mistakenly as the Ro-SSA antigen due 
to its possible association with the Ro complex). CRT is now 
commonly used as the symbol for calreticulin to avoid confusion 
with CR, a generic term for complement receptors. 



OI62-3109/97/$I7.00 © 1997 Elsevier Science B.V. All rights reserved. 
- P// 50162 = 3109(97)00076-3 
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with an apparent molecular weight of 56 kDa on 
SDS-PAGE. ClqR is located on the surface of leuco- 
cytes, endothelial cells, fibroblasts, platelets and spe- 
cialised epithelia (Tenner, 1993; Malholra and Sim» 
1993). Binding of Clq to ClqR on these cell types 
elicits a range of immunological responses, such as 
phagocytosis, enhanced cytokine and antibody pro- 
-duclion, -and antibody-dependent cell cytotoxicity 
(Ghebrehiwet and Peerschke, 1993; Malhotra. 
1993b). ClqR also binds to the collectins lung sur- 
factant protein-A (SP-A), mannose binding lectin 
(MBLX CL43 and conglutinin (Malhotra et al., 1990, 
1992), resulting in enhanced phagocytosis of col- 
lectin-bearing particles via ClqR-bearing cells 
(Geensma el ah, 1994). 

CRT has a highly diverse functional repertoire. 
CRT contains a C-terminal KDEL endoplasmic retic- 
ulum retention sequence (FUegel et al., 1989), yet 
CRT forms have been identified in many diverse 
cellular comparlmenis, including the cell surface. 
Cell surface CRT may trigger cell spreading (White 
et al., 1995) and mediate the mitogenic effects of 
tibrinogen (Gray et ai., 1995). Physiologically, CRT 
is involved in regulation of intracellular Ca*"^ home- 
ostasis (Krause, 1996; Michalak, 1996) acting as an 
ER molecular chaperon due to its lectin character- 
istics (reviewed in Helenius et al., 1997) and the 
regulation steroid-sensitive gene expression (Bums 
et a!., 1994; Dedhar et al., 1994). Recent studies with 
CRT knock-outs have demonstrated that CRT is 
absolutely essential for integrin-mediated calcium 
signalling and cell adhesion (Coppolini et al., 1997). 
The role of CRT in autoimmunity, where it may 
participate in SLE, is being investigated (Eggleton et 
al., 1997). CRT, like Clq receptor, binds to Clq and 
the collectins (Eggleton et al., 1994; Stuart et al., 
1996a), 

The Clq-ClqR interaction is ionic-strength-de- 
pendeni (Arvieux et al., 1984), and involves a region 
of charged residues on the Clq collagen stalks 
(Malhotra et al, I993cX CRT and ClqR interact in 
an identical fashion with Clq and collagens (Stuart 
et al., 1996a), indicating that there is an homologous 
Clq binding region within ClqR and CRT. 

Recombinant CRT domains to be tested for Clq 
and collectin binding function were produced from a 
cDNA clone (phCRT-l) isolated from a human um- 
bilical vein endothelial cell cDNA library (Stuart et 



al., 1996a). These domains^ as described below, are 
based upon structural predictions for the molecule 
and have previously been used to localise CRT 
function within the molecule. The amino-lerminal 
N-domain contains the binding regions for PDI 
(Baksh et al.. 1995a), Zn-^ (Baksh et al., 1995b) 
and integrins (Leung-Hagesteijn el al., 1994). The 
-proline-rich central P-domain contains the high affin- 
ity Ca-^ binding site (Baksh and Michalak, 1991) 
and the lectin site (D. Williams, cited in Krause and 
Michalak, 1997) within two sets of highly conserved 
repeats. The acidic C-domain contains the ER reten- 
tion terminal KDEL signal (McCauliffe et al., 1990) 
and the low affinity Ca-"*^ binding site (Baksh and 
Michalak, 1991). Our previous studies have indi- 
cated that the Clq binding site lies across the inter- 
section of the N- and P-domains (Stuart et al.. 1996a). 
Within this region we have identified and expressed 
a 123 amino acid region containing a putative 
Clr/Cls (also termed CUB) module (Day et al., 
1993) based upon amino acid sequence alignments. 
We termed this segment the S-domain and show here 
that it contains the Clq and collectin binding site of 
ClqR/CRT, 



2. Materials and methods 

2, /. Pi4rific<itioti un.d rcidioioditwJiofx of C Ic^Ry Qlci 
and collectins 

Native ClqR was purified from human U937 cells 
as previously described (Malhotra et al., 1993a). 
ClqR and S-domain samples were iodinated by the 
iodogen method (Fraker and Speck, 1978). Clq was 
purified as previously described (Reid, 1981) and 
radioiodinated as described by Bolton and Hunter 
(1973) as this method of iodination causes less dam- 
age to large, oxidation-sensitive molecules such as 
Clq than the more frequently utilised iodogen method 
(Stuart et al., 1996b). Radiolabelled proteins were 
stored at 4T. Clq collagen tails were prepared by T. 
Gascoyne as described by Reid (1976). Collectins 
were purified as previously described (Malhotra et 
al., 1990; Holmskov et al., 1995). Rabbit F^. was 
prepared from rabbit IgG by papain digestion and 
cation exchange chromatography, as described by 
Johnstone and Thorpe (1987). 
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2,2. Prokaryotic expression of recombinant calretic- 
uUn domains 

Given that CRT, CIr and Cls all interact with 
Clq» a sequence comparison was performed to inves- 
tigate the structural basis for this interaction. A 
region that may correspond to a CUB module was 
identified in CRT and was analyzed by multiple 
sequence alignment as described previously (Day et 
al., 1993). This region, termed the S region (Cls-like 
(CUB) domain), spans the intersection of the N- and 
P-domains (residues 160-283). 
- - A 1.9 kb cDNA clone for-CRT (phCRT-i)~was- 
isolated from a human umbilical vein endothelial cell 
library (kindly donated by B. Seed, MIT, Boston, 
MA) in the eukaryotic expression vector CDM8 
(Aruffo and Seed, 1987). Sequence analysis revealed 
that phCRT-l comprised the complete coding se- 
quence for CRT with absolute identity to the previ- 
ously published human CRT sequence (McCauliffe 
et al., 1990). 

The thiobond expression system was used to pro- 
duce N-, P-. C- and S-domains of Cl^R/CRT (rep- 
resenting the N-terminal region, the proline-rich cen- 
tral region, the C-terminal region, and a region span- 
ning the intersection of the N- and P-domains (as 
described above) (Fig. I). The individual domains 
were expressed as thioredoxin fusion proteins in £. 
coli using the plasmid pTrxfus (Invitrogen B.V., 
Leek, The Netherlands) as described previously 
(Stuart et al., 1996a). 

Samples were assayed for recombinant calretic- 
ulin domain expression by SDS-PAGE (Laemmli, 
1970) and by Western blotting with rabbit antisera 
to: (I) whole ClqR (raised against human ClqR 
purified from U937 cells (Malhotra et al., 1993a)), 
(2) CRT C-terminal region (raised against a GST 
fusion protein containing the final 18 residues of 
recombinant human CRT), and (3) CRT N-terminal 
region (raised against a GST fusion protein contain- 
ing residues 7-18 of recombinant human CRT). 

2.2.7. Interaction of immobilised recombinant human 
ClqR / CRT domains with radiolabelled Clq 

Binding experiments with the ClqR/CRT do- 
mains were performed throughout in low salt (10 
mM potassium phosphate, 0.5 mM EDTA (pH 7.4)) 
in order to maximise the ionic interaction with Clq. 

Microtitre plates were coated with the N-, P-, C- 
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Fig. I. Amino acid sequence of CRT, Amino acid sequences were 
deduced from the nucleotide sequence of human CRT (Mc- 
Cauliffe et al.. 1990). The signal sequence residues are shown in 
small foni. Tnc N-, F- and C- domains are indicated. The S-do- 
main is underlined. Domain constructs were expressed as thiore- 
doxin fusion products. 

and S-domains and with three controls, ClqR, BSA 
and thioredoxin (8 pig/n\\ in 35 mM NaHCO,, 15 
mM Na.COj pH 9,6) for 2 h at Sl'^C. Non-specific 
interactions were blocked by incubation with 10 mM 
potassium phosphate, 0.5 mM EDTA pH 7.4 con- 
taining BSA (10 mg/ml). Any free -SH groups in 
the samples, due to the presence of the thioredoxin 
fusion protein, were blocked by a brief washing step 
using the phosphate buffer containing 2 m.M iodo- 
acetamide. After washing, serial dilutions of radioio- 
dinated Clq (in 10 mM potassium phosphate, 0.5 
mM EDTA, pH 7.4) were added to the wells and 
incubated for 2 h at 37°C. Wells were washed three 
times with phosphate buffer and bound radioactivity 
eluted with 100 ^lI 4M NaOH and measured. 

2.2.2. Concentration-dependent binding of radiola- 
belled S-domain to immobilised Clq 

Clq binds to the regions of IgG. This property 
was utilised in order to correctly orient the Clq on 
microtitre plates. Breakable microtitre plates (Life 
Sciences International (UK) Ltd, Basingstoke, 
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Hampshire, UK) were coated with rabbit F^. (5 fig 
per well in 35 mM NaHC03, 15 mM Na.COy pH 
9.6) Non-specific sites were blocked as described 
above, and the wells were incubated with Clq (0.8 
fig per well in 10 mM potassium phosphate, 0.5 mM 
EDTA, pH 7.4). Certain wells were also coated with 
BSA (0.8 fig per well) as a negative control. After 
further washing; serial dilutions of radioiodinated 
S-domain (in 10 mM potassium phosphate, 0.5 mM 
EDTA, pH 7.4) were added to the wells and incu- 
bated for 2 h at 37°C. Wells were washed three times 
with, the,phosphate„buffer_and bound radioactivit y in 
the individual wells measured. 

2,2.3, Competitive inhibition of the S-domain-CIq 
interaction by fluid phase Clq, collectins and Clq 
collagen tails 

Clq was immobilised onto F^,-coated microtitre 
plates as described above. Non-specific binding was 
blocked by incubation with lOmM potassium phos- 
phate, 0.5mM EDTA (pH 7.4) containing BSA (10 
mg/ml). Serial dilutions of the collectins (SP-A, 
MBL, SF-D, CL43), Clq, Ciq tails and BSA (maxi- 
mum quantity = 9 ^tg/well) were prepared in 10 
mM potassium phosphate, 0.5 mM EDTA (pH 7.4). 
Each dilution (100 ^tl) was then incubated for I h at 
37°C with a constant level of radiolabelled S-domain 
and loaded onto the plate. Following 2 h incubation 
at 37°Ci wells were extensively washed and bound 
radioactivity measured. 



3. Results 

3. L Amino acid sequence alignments 

A region .spanning the intersection of the N- and 
P-domains of CRT has previously been implicated in 
Clq binding (Stuart et al., 1996a). Amino acid se- 
quence alignment showed that a region within CRT 
(residues 160-283) may correspond to a CUB mod- 
ule. Two CUB modules, together with an EGF mtxi- 
ule, form a binding region within Clr^CIs, for the 
collagenous tails of Clq. ClqR competes with 
Clr^CIs, for binding to Clq, implying a similarity 
in Clq binding sites on CIr, CIs and ClqR (Sobel 
and Bokisch, 1975; Van den Berg et al., 1995). 
Therefore this segment, the S-domain (residues 160- 
283, see Fig. 1), was tested for Clq binding. 



> 
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ClqR 
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N*<kxnain 


■ 


S-domain 




P-domain 
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C-domatn 




BSA 




Immobilised protein 



Fig. 2. Binding of Clq to calreticulin domains. Solid-phase btmnd 
domains, with appropriutc controls, were incu hated with radioiodi- 
nated Clq. Binding levels of four separate experiments, at satum-. 
lion, aru shown, calculated as % (bound/loaded). These percent- 
ages are then standardised against the results for ClqR. 

3.2, interaction of recombinant human calreticulin 
domains with Clq 

N-, C-, and S-dbmains of human CRT were 
expressed as thioredoxin fusion proteins. Correct 
expression was verified by SDS-PAGE and Western 
blotting. Fig. 2 summarises the results of four sepa- 
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Fig. 3. Binding of S-domain to inmiobiliscd Clq. Serial dilutions 
of radiolabelled S-domain were bound to immobilised Clq and 
BSA. After extensive washing, bound radioactivity was measured 
a.s described in Section 2. The mean values of three separate 
binding assays arc shown. 
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Molar excess 

rig. 4. luhibiiio-i of S-dcnr,air.-C!q interaction by co'.Iectins, C!q 
and Clq collagen tails. Constant levels of radiolabelled S^nmain 
were pre-incubated with serial dilutions of unlabelled Clq, Clq 
tails and col lectin proteins. The incubation mixture was bound to. 
and eluied from, solid phase Clq. Mean values of three separate 
inhibition assays are shown. 



rate solid phase direct binding experiments. Signifi- 
cant binding to radioiodinated Clq was observed for 
ClqR, the S-domain, the P-domain. and, to a lesser 
extent, the N-domain. The C-domain showed no 
binding. 

Serial dilutions of radioiodinated S-domain were 
incubated with immobilised Clq and BSA (Fig. 3). 
Concentration-dependent, saturable binding was ob- 
served to Clq but not to BSA. 

3.3, Competitwe inhibition of Clq-S-domain inter- 
action by Clq tails and coUectins 

Clq was immobilised on microtitre plates by 
interaction with solid phase F,.. Fig. 4 shows the 
results of three separate competitive inhibition stud- 
ies of the S-domain-Clq interaction. As expected, 
native fluid-phase Clq demonstrates concentration- 
dependent inhibition. Clq tails also cause inhibition, 
indicating that the interaction of the S-domain with 



Clq is via the collagenous Clq tails. Inhibition 
studies with the collectin proiein.s demonstrated that 
SP-A, MBL and CL43 interact with the S-domain. 
via the same, or an overlapping binding site as Clq. 
SP-D and BSA did not inhibit the S-domain-Clq 
interaction. 



4. Discussion 

The 56 kDa receptor for Clq, MBL, CL43 and 
SP-A is present on the surface of many cell types. 



ClqR has an amino acid sequence almosfidehticarto" 
calreticulin. Although CRT contains an endoplasmic 
reticulum retention and retrieval sequence, cell sur- 
face forms of CRT have been identified, indicating 
that ClqR is a membrane-associated isoform of cal- 
reticulin. Studies have demonstrated the existence of 
different molecular weight forms of CRT in the ER 
and the plasma membrane (Zhu et al., 1997). At 
present it remains unclear what property of cell 
surface CRT enables it to escape the KDEL receptor 
in the ER and presents itself on the ceii surface. 
Unlike a recently identified additional 126 kDa re- 
ceptor for Clq (Guan et al., 1994; Nepumuceno et 
al., 1997), CRT does not contain a membrane-span- 
ning domain and its mode of attachment to the 
membrane remains unclear. 

We have previously demonstrated that the Clq 
binding site within CRT, and therefore within ClqR. 
lies across the intersection of the N- and P-domains 
(Stuart et al., 1996a). ClqR and ClrXls, cross- 
compete for binding to Clq, indicating that they 
have overlapping binding sites on Clq (Sobel and 
Bokisch, 1975; Van den Berg et al., 1995). Conse- 
quently, ClqR/CRT and Clr-Cls protein se- 
quences were compared. A region of CRT (residues 
160-283) was identified that may correspond to a 
CUB module. This is of particular interest as two 
CUB modules, together with an EGF module, form 
the globular region at the end of the Clr or CIs 
*dumbbeir and this region mediates the interaction 
of Clr and CIs with each other and with Clq, via 
the collagenous region of Clq (Day et al., 1993: 
Ariaud et al., 1993). This S-domain shows very high 
cross-species conservation. Furthermore, the S-do- 
main spans the N- and P-domains, previously impli- 
cated in Clq binding (Stuart et al., i996a). 
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The binding of the Clq iai|s to the S-domain 
confirms previous observations that Clq interacts 
with ClqR via its collagenous stalk region. The 
S-domain-Clq interaction was found to be ionic- 
slrength-dependent (results not shown) indicating that 
it is predominantly a protein-protein interaction 
based upon a region of charged residues on the 
collagen stalks of the Clq ligand (Malhotra el al.. 
1993c). However, it is possible that there may also 
be a protein-carbohydrate interaction. CRT utilises 
its lectin characteristics as a chaperon (Spiro et al., 
— ^1996;- Helenius-et- al.,-l997)_and_in_celLadhesion. 
(White et ah, 1995). Furthermore, the spermadhesin 
CUB module binds to carbohydrate (Day et al., 
1993). Using deletion mutants of CRT, the lectin site 
in CRT has been localised to the three sets of repeats 
A (PxxIxDPDAxKPEDWDE: residues 204-220; 
221-237; 238-254) and B (GxWxPPxIxNPxYx: 
residues 258-271; 272-285; 286-299) that lie within 
the highly charged first part of the P-domain of CRT. 
Truncation of even a portion of the repeats abolished 
glycoprotein binding to CRT (D. Williams, cited by 
Krause and Michalak, 1997). The S-domain contains 
repeats A and part of repeats B. It is possible that the 
lectin characteristic of this region may supplement 
the predominantly ionic protein -protein interaction. 
Within the ER, CRT may function as a molecular 
chaperon by binding transiently to monoglucosylated 
folding intermediate glycoproteins. The minimum 
structural requirement GICiMan^GlcNAc is essential 
for CRT binding: no interaction with 
Gk,Man4GlcNac was observed (Spiro et ah, 1996). 
The collagen stalks of Clq contain 69% of the total 
Clq carbohydrate, present as glucosylgalactosyl dis- 
accharide units (Reid, 1979). These oligosaccharides 
are unlikely to function as core binding elements 
although they may be able to supplement the more 
important protein-protein interaction. The collagen 
stalks of the collectins are likely to be glycosylated 
similarly to Clq, although this has not been investi- 
gated in detail. 

All the collectins, with the probable exception of 
SP-D, bind the Clq receptor (Malhotra et al., 1990). 
We have demonstrated that MEL, SP-A and CL43 
all bind to the S-domain of CRT. SP-D did not bind 
to the S-domain. These results are consistent with 
previous observations with native ClqR (Malhotra et 
al„ 1990, 1992). Comparison of the N-terminal re- 



gions of the collagenous regions of Clq, MBL 
CL43, SP-A and conglutinin led to the identification 
of a possible ClqR binding site, composed of five 
collagen repeats (Gly-X-Y triplets) with many 
charged residues in the X and Y positions (Malhotra 
et aK, 1993c). SP-D contains a similar site but 
apparently binds to a different receptor on alveolar 
macrophages (Miyamura et al., 1994). - 
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TSvelve adults hospitalized with extensive burns formed the basis of the _ 
present study. On admiission, blisterfluid and serum were collected from each 
patient and subsequently serum only obtained on 3rd, 7th, 14th, 2l8t, and 28th 
day of hospital stay. Complement components Clq, C3, C4, and C5 were 
measured in these samples by single radial inununodiffusion technique. It was 
observed that immediately after the thermal trauma there was a sudden and 
-profound fall-in serum-levels of the early-and-late complement- components vis — 
a-vis their appearance in blisterfluid. However, their levels in the latter were 
significantly lower than in the former. The mean serum levels of these 
components gradually increased up to the 14th day after bums and thenceforth 
leveled off, although normal serum levels for Clq and C3 were never achieved. 
Three patients died between 6 and 24 days after trauma. Individual variations 
in the complement proHle were observed and no correlation between the serum 
levels of complement components and prognosis of burned patients was seen. / 



Severn burns deprive the patient of the mechanical 
and immunologic protection of his covering integument 
and mucous membranes. Thermal injury results in im- 
pairment of inflammatory reaction (7) and decrease in 
the phagocytic capacity of neutrophils (6) and reticulo- 
endothelial system (11). Decrease in serum levels of 
inmiunoglobulins following burns has also been reported 



percentflge of burns nnH body weight (4 ml/kg/% burn). 
One half of the calculated volume was given in the first 
8 hours after burns and the remaining in next 16 hours. 
At approximately 24 hours postburn, plasma expanders, 
namely, dextran injection IP (Lomodex or Dextraven, 
Rallis-Fison Ltd., West Bengal) in 400 to 800 ml quantity 
were given. Water orally or as 5% dextrose IV was given 



(1). There is cliniCol and experimental evidence to suggest in aiuounts < 



suppression of delayed hypersensitivity reactions follow- 
ing thermal trauma (8). In last two decades the structural 
and functional complexities of the complement system 
have been defined and its role as a mediator and amplifier 
of many immune and inflanmiatory reactions recognized. 
Complement activity in burned patients has been re- 
ported as depressed (2), however, various components of 
complement have not been analyzed. 

MATERIALS AND METHODS 

Twelve adults (age range 18 to 35 years, mean age 25.8 
years) having extensive bums (more than 30% superficial 
burns or more than 15% third-degree burns) were chosen 
for the study. These patients received a uniform regime 
of treatment. The fluid resuscitation program during the 
first 24 hours consisted of intravenous administration of 
sterile normal saline and electrolytes (Sterofundin P, 
Elys Injekt Ltd., Bombay) calculated on the basis of 
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50 to 100 ml per hour and blood pressure and hematocrit 
within normal limits. During the first week of admission 
one to two units of ABO- and Rh-matched fresh blood 
were transfused. The burn wounds were wrapped in 
absorbent dressings containing an inner layer of gauze 
heavily impregnated with neomycin (Neosporin, Bur- 
roughs Wellcome) cream. Burns of head, neck, face, and 
perineum were treated by exposure after application of 
a generous layer of neomycin cream. Gentamicin in a 
cream base was used as topical chemotherapeutic agent 
against Pseudomonas infection. Systemic therapy con- 
sisted of crystalline penicillin 5 lac units I.D. given IM '' 
during early phase of bums; subsequently sensitivity 
studies were obtained for any organism recovered from : 
blood culture. 

Pulmonary injury associated with bums was not seen . 
in any of the 12 patients. Our patients sustained severe ; 
burns due to accident by open fires used in traditional 
Indian kitchens. None of the patients had any clinical 
illness before sustaining the thermal injury and were 
apparently in good health. Three patients died between 
6 and 24 days after burns. 

On admission, 5 ml of blisterfluid and 5 ml of blood 
were collected in sterile containers from each patient. 
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Subsequently, 5 ml of blood were collected from patients 
~orr3rdr7tKri4tlir21strand 28th-day of stay-in hospitals 
Sera were separated and stored along with blisterfluids 
at — 20**C. The hematocrit value was estimated by Win- 
trobe*s method (4) in all blood samples at the time of 
collection. I 

Complement components Clq, C3, C4, and C5 were 
measured in blisterfluid and serum samples by single 
radial immunodiffusion technique (12) using monospe- 
cific antisera and reference standards. Anti Clq antise- 
rum was obtained from Behring Institute, Frankfurt 
West Germany, while other antisera along with reference 
standards were procured from Meloy Laboratories, 
Springfield, U.S.A. The levels of Clq in the samples were 
-compared with the-W.H.O. reference standard.serum.67A 
97 and were expressed in units per 100 ml taking the 
W.H.O. reference standard serum as 100 units per 100 
ml. The levels of C3, C4, and C5 were expressed in mg 
per 100 ml. 

The data were analyzed and statistically evaluated 
(paired ^-test of significance at 5% level). 



RESULTS 

|:- . The concentrations of complement components Clq, 

n). |v.;:. C3, C4, and C5 in the blisterfluid samples from 12 patients 

rst : collected on day of admission are shown in Table I. 

rs. • Table II illustrates the complement profile in serum 

rs, III j samples collected from burned patients on admission and 

an, li'V. subsequently on the 3rd, 7th, 14th, 21st, and 28th day of 

ity hospital stay. It was observed that the concentrations of 

en |:i four components in the blisterfluid were lower than 

nd |:|*: those in the serum samples collected at the same time. 

Tit This difference was found to be statistically significant 

ion liv:: (paired /-test at 0.05 level). The serum to blisterfluid 

»od lli-: ratios for Clq, C3, C4 and C5 were 1:0.48; 1:0.69, 1:0.70, 

in fl:: . 1:0.61, respectively. The mean serum levels of these 

ize S: four components were lowest in serum samples collected 

ur* p|t:: on day of admission. Their levels increased thereafter up 

ind |p to the 14th day and thenceforth leveled off (Table 11). 

. of J::!;;- When the serum complement profile at admission was 

1 a I'"::; compared with that at 28th day, it was observed that the 

ent rise in mean levels of complement components Clq, C3, 
on- 
IM 

dtv te:- ' 

7:;::;:p'ABLE i 

. > : Mean levels of complement components in the blisterfluid 
filli-: from 12 patients with severe bums 
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TABLE II 

Profile of early and late compleme nt components in the sera of 
12 patients with severe bums 



Senim 
Sample 



Day of 
collection 



Mean* ± S.D.f (Range) 



Cig 



C3 



C4 



C5 



I 


Admission 


38± 18 


93 ±47 


20.3 ± fi.6 


10.5 ± 3.3 






(5-100) 


(10-190) 


(7,5-30) 


(4.2-18.5) 


11 


3rd 


44 ± 16 


92 ±51 


20.6± 6.8 


10.6 ± 4 






(25-75) 


(32-183) 


(6-37) 


(5.7-18.2) 


III 


7ih 


68 ± 23 


102 ± 33 


23.2 ± 8,2 


11.2 ±3.4 






(37-133) 


.(37-142) 


(7.5-35) 


(6.2-17.2) 


IV 


I4th 


74 ± 19 


128 ±48 


24.2 ± 7.7 


127 ± 3.4 






(30-100) 


(35-220) 


(12.5-35) 


(7.5-18.5) 


V 


21 at 


73 ± 21 


127 ±43 


25.6 ± 7.5 


12,5 ± 4 






(30-112) 


(40-190) 


(17.5-43.4) 


(8.2-20.7) 


VI 


28th 


74 ±23 


129 ± 48 


26.5 ± 5.5 


. 12.5 ± 2.5 






(37-125)- 


-(50-183)- 


-(-18-37.5)- 


-(9.7-18.2) - 




Components 



Mean* ± S.D.t (Range) 



17 ± n 
64 ±39 
14.3 ± 7 
6.4 ± 2.5 



(5-35) 
(10-16H) 
(6-27) 
(3-12.7) 



3od 
ant. 



1*:;::::.;;. * ^he level of Clq was exprejw^ed in units per 100 ml; thai of C3, C4 
; t Standard deviation. 



* The levels of Clq were expres.sed in units per 1(X) ml; levels of C3, 
<^_C4, and C5 in mg per 100 ml. 
t Standard deviation. 

Normal values of complement components Clq, C3, C4, and 05 in 
healthy Indian adults from same socioeconomic background as of 
patients in the present study have been estimated in this laboratory 
(14) as 137 ± 48 units per 100 ml, 21 1 ± 38 mg per 100 ml, 31 ± 10 mg 
per 100 ml, and 11.2 ± 5.4 mg per 100 ml, respectively. 

and C4 in serum samples was statistically significant 
while it wns not so for G5 (paired ^test at 0.05 level). 

The hematocrit values in serially collected blood sam- 
ples of five male patients varied from 50.5 ± 3 on the day 
of admission to 45.5 ± 2 on the 28th day of trauma; 
corresponding values for seven female patients ranged 
from 45.5 ± 3.5 to 39 ± 1. The normal hematocrit value 
for males is reported (4) as 47 ± 7 and for females 42 ± 
5. Thus, while burned patients had some hemoconcentra- 
tion in the vascular compartment soon after trauma, the 
hematocrit values essentially were within normal limits 
subsequently. 

DISCUSSION 

Complement is now known to be comprised of 11 
components that make up about 10% of the globulins in 
normal serum of man. Normal values of complement 
components Clq. C3» C4, and C5 in healthy Indian adults 
from the same socioeconomic background as patients in 
the present study has been estimated in this laboratory 
(14) as 137 ± 48 units per 100 ml, 211 ±38 mg per 100 
ml, 31 ± 10 mg per 100 ml, and 11.2 ± 5.4 mg per 100 ml, 
respectively. Thus it was observed that complement com- 
ponents Clq and C3 in patients with severe burns showed 
a profound fall in their concentrations (75% for Clq and 
65% for C3) and although their levels increased subse- 
quently in 2 weeks by 1(X)% and 70%, their normal levels 
were not attained even 28 days after trauma (Table II, 
footnote). The fall in levels of components C4 and C5 • 
was less striking (33% for C4 and 6% for C5) and near- 
normal levels were achieved in 2 to 3 weeks. 

This sudden decrease in concentrations of Clq and C3 
in serum within hours after thermal trauma concomitant 
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with their appe arance in blisterfluid indicates increased 
permeability of the micro vasculature (l)Tesulting~in" 
leakage of the high molecular weight protein molecules 
to burned areas and redistribution of fluid and proteins 
between edema and intravascular space. Appearance of 
complement components of molecular weights (10) vary- 
ing from 200»000 to 400,000 daltons in blisterfluid also 
suggests severe immediate and sustained damage to the 
vascular endothelium (5). In our series of cases the ciin- 
-ical conditions were standardized as far as possible; even 
then therapeutic measures may have precluded to some 
extent the obtaining of actual data on concentrations of 
complement components. Infusion of plasma expanders 
and electrolytes may have contributed to some dilution 
^ ih^theirtevels and~blood transfusions-may have-had-the 
opposite effect. Decreased levels are unlikely to be asso- 
ciated with hemoconcentration seen in these patients in 
initial stage of trauma. During the study period due to 
protein catabolism it is possible that these patients might 
have developed protein calorie undernutrition influenc- 
ing the serum complement profile. Although we have not 
studied the nutritional status of these patients by moni- 
toring serum albumin level, however, the possibility of 
these patients developing severe nutritional deficit and 
thus affecting the complement profile could be excluded 
clinically because all these patients were given a high- 
protein diet including nutritive infusion of essential 
amino acids (Hermin injection) to abrogate such defi- 
ciency. During the absorption phase of the burns syn- 
drome, lasting 3 to 10 days after burns <1), levels of Clq, 
C3, C4, and C5 showed a gradual and steady increase in 
their levels but expected normal levels for Clq and C3 
were not attained. Failure to achieve normal concentra- 
tions even 4 weeks after sustaining trauma may be due 
to the interplay of decreased synthesis and increased 
catabolism as has been observed in earlier studies on 
serum levels of immunoglobulins following burns (1). A 
disturbed liver function might also be a contributory 
factor (9). The decrease in levels of Clq and C3 may also 
indicate the presence of circulating antigen-antibody 
complexes in these burned patients (8). 

The overall sustained decrease in serum levels of com- 
plement components in burns can impede bacteriolysis 
and dampen amplification of inflammatory reaction. It 
has been suggested by Artz (3) that the alternate pathway 
of complement system which is an important defense 
against Pseudomonas infection becomes blocked in pa- 
tients with extensive burns. During the present study 
two patients died 6 days after sustaining burns and in 
both of them the serum concentrations of components 
Clq and C3 were below 40 units per 100 ml and 50 mg 
per 100 ml, respectively. A third patient died as a result 
of Pseudomonas aeruginosa septicemia 24 days after 
admission and had low levels of Clq (30 units per 100 
ml) and C3 (50 mg per 100 ml) on the day of admission. 
These values had risen to 75 units per 1(X) ml and 125 mg 
per 100 ml by the 21st day of stay in the burns unit, i.e., 
before development of fatal infection. On the other hand, 



another two patients with initial serum levels of C3 below ;| 

-50 mg-per-lOO-ml-not only survived-but-also-showed-an 
increase in C3 levels up to 180 mg% in 4 weieks of 
followup. The major surgical maneuvers undertaken dur- 
ing 4 weeks followup were surgical debridement of eschar 
and application of autografts in four patients. Autografts 
took well and there was no effect of these procedures on 
complement profile of these patients. Out of 12 patients 1 
in the study two developed bacteremia. Staphylococcus 
pyogenes was responsible for bacteremia in one patient 
who survived, and Pseurfomonas aeruginosa was isolated 
from blood in another patient who died on the 24th day 
of stay in hospital. Local wound sepsis was also seen in 
these two patients and four others. One female patient I 

-developed^a^urinaryjratryniec^ i 
coli Analysis of the data showed that the alteration of i 
complement profile during the course of study period had i 
no correlation with bacteremia or local wound sepsis, i 
Thus despite attempts to study a homogenous group of t 
patients, fairiy great individual differences in the profile I 
of complement components were observed and it was 1 
difficult to have a definite correlation between the prog. | 
nosis of burned patients and their serum levels of com- ;| 
plement components. 
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by Heart Subcellular Membranes In Vitro and 
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Absthact Experiments were conducted to charac- 
terize the antibody-independent activation of comple- 
ment in human serum by isolated human heart mito- 
chondrial membranes in vitro and to determine whether 
similar patterns of complement consumption occurred 
in patients after acute myocardial infarction. Direct 
evidence for the interaction of CI and heart mitochon- 
drial membranes was obtained by mitochondria-Cl_ 
binding and elution experiments. Exposure of normal 
human sera to isolated human heart mitochondria at 
37*'C resulted in the consumption of Cl, C4, C2, and 
C3 without significant consumption of the terminal 
components of the complement system (C6 through C9). 
The consumption occurred in the absence of detectable 
anti-heart mitochondria autoantibody, was demonstrated 
to be calcium dependent, and was inhibited by either 
0.01 M EDTA or ethylene glycol bis(^-aminoethyl 
ether) N,N,N' /J' -teir^^ctt\c acid (EGTA). Although 
specific absorption of Clq from human sera inhibited 
the mitochondria-dependent activation of C4, C3 con- 
sumption was not affected. These data indicate that 
the consumption of C4 and C2 likely occurred due to 
the mitochondrial membrane-mediated activation of Cl, 
but that the consumption of the C3 did not necessarily 
involve either the classical or alternative complement 
pathways. After the in vitro characterization of the 
mitochondria-dependent activation of the complement 
system, additional studies were performed to determine 
whether similar consumption occurred in patients after 
acute myocardial infarction. During a 72-h period after 
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hospital admission significant decreases in Cl, C4, and 
C3 occurred in six patients after acute myocardial in- 
farction but not in six patients with recent chest pain 
but no evidence of acute myocardial infarction. These 
studies suggest that myocardial cell necrosis results in 
the release of subcellular membrane constituents capable 
of activating the complement system in the absence of 
detectable anti-heart autoantibodies; such activation 
may be responsible in part for the development of acute 
inflammation and evolution of the infarct size following 
coronary artery occlusion. 

INTRODUCTION 
The processes involved in the destruction of myocardial 
tissue after coronary artery occlusion have been the 
subject of intensive investigation. Myocardial cell nec- 
rosis following coronary artery occlusion is thought to 
include an initial autolytic and a subsequent heterolytic 
destruction of myocardial cells in the area of the in- 
farction (I). The autolytic destruction of tissue likely 
is due to a restricted perfusion of the affected area 
resulting in a decreased delivery of oxygen and sub- 
strates necessary for normal myocardial energy genera- 
tion. After the initial autolytic tissue damage of hetero- 
Ivtic destruction of myocardial tissue occurs associated 
with inflammatory cell infiltration into the affected area. 
During the first 48 h after myocardial infarction the 
neutrophil is the predominant inflammatory cell within 
the evolving myocardial lesion and likely is involved in 
the heterolytic phase of myocardial damage. 

There are a variety of factors which could mediate 
the neutrophilic infiltration following tissue damage, 
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one of which is the complement system of scrum pro- 
teins. Hill and Ward (2) have demonstrated that the 
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neutrophilic infiltration following experimental myo- 
cardial infarction in rats was reduced significantly by 
the prior administration of cobra venom factor, which 
causes a depletion |f the third component (C3) of 
serum complement. In view of the above, it is crucial to 
elucidate mechanisms governing the activation of com- 
plement after myocardial cell damage. 

There are presently three knov/n mechanisms for the 
activation of the complement system: (a) the classical 
activation of complement due to the activation of CI 
by IgG or IgM antibody; (b) the activation of the 
alternative pathway by a variety of substances capable 
of interacting with properdin; and (c) the direct pro- 
teolytic activation of CI and C3 by enzymes such as 
"plasm in' Or "trypsin: ' ^ — 

We initiated studies to determine whether anti-heart 
autoantibodies might mediate the classic activation of 
complement after acute myocardial infarction. It was 
shown that IgM, complement-fixing, an ti -heart mito- 
chondria autoantibody developed 7-14 days after ex- 
perimental myocardial infarction in dogs (3, 4) ; simi- 
lar temporal production of anti-heart mitochondria 
autoantibodies was observed in patients after acute 
myocardial infarction.* However, the time-course of 
autoantibody development precluded its involvement in 

days after myocardial infarction. Subsequently, we 
demonstrated that all human serum from subjects with- 
out prior history of myocardial disease contained a 
heat-labile, heart-reactive factor which, after the inter- 
action with isolated human heart mitochondrial mem- 
branes, led to the activation of serum complement (5), 
This serum factor, was identified as the first compo- 
nent of serum complement which bound directly to the 
mitochondrial membrane and resulted in an antibody- 
independent activation of the complement system. 

The present studies were designed to characterize 
further the mechanism (s) for the antibody-independent 
activation of complement by the heart subcellular mem- 
branes and to determine whether a similar intravascu- 
lar activation of complement occurs in patients after 
acute myocardial infarction. 

METHODS 

Preparation oj heart mitochondrial membranes. Mito- 
chondrial membranes wiere prepared from human heart tis- 
sue obtained at autopsy within 1 h of the time of death. 
Portions of the left ventricle were sectioned and washed 
with a solution containing 0.25 M sucrose and 0.01 M 
Tris-chloride, pH 7.4, at 0-4**C. This buffer was pre- 
tquilibrated with 100% oxygen before the cardiac tissue 
was washed. Wa.shed tissue was passed through a meat 



grinder (2-mm holes) into approximately 7 vol of the 
same sucrose-Tris buffer. The resultant mince was dis- 
— rupted^further— with-a-Polytron-PT— 20-tissue-homogeni2er- 

5 for 45 s. The homogenate was centrifuged at 600 g for 
10 niin. The sediment was discarded and the supernate 
was recent rifuged at 5,500 ^ for 15 min. Each mitochondrial 
pellet was washed twice with the sucrose-Tris buffer (20- 
25 ml per pellet) and finally rcsuspcndcd in the same 
buffer to a final protein concentration of approximately 10 
mg/ml. The mitochondrial suspension was frozen rapidly 
in 0.5-ml aliquots and stored at — 70°C. Before freezing, 
the functional integrity of each mitochondrial preparation 
was determined by measuring the respiratory^ control ratio 
with pyruvate and malate as substrates and ADP as the 
respiratory stimulant (6). Respiratory control ratios of be- 
tween 5.0 and 7.5 wene normal for these human heart mito- 
chondria preparations. 

Measurement of anti-heart mitochondria autoantibody. 
Anti-heart mitochondria autoantibody was assessed, by a 
~lniciw:6inplement fixation 'test'using'Vlriicrotiter 'apparatus " 
(Cooke Engineering Co., Alexandria, Va.). Doubling dilu- 
tions of heat-inactivated (56*C for 30 min) human sera 
were made in 25 /tl of 0.15 M sodium barbital -buffered 
saline, pH 7.3, containing 0.1% human albumin. Complement 
fixation was determined by the addition of 25 fi\ of a dilu- 
tion of guinea pig serum containing 1.50 minimal hemolytic 
doses of complement followed by 25 ii\ of isolated human 
heart mitochondria antigen (1 mg mitochondrial protein/ml). 
The reaction was allowed to proceed at 37** C for 30 min 
and then 25 ;d of a 1.5% suspension of sensitized sheep 
erythrocytes was added and the reaction was allowed to 
proceed at 37" C for 40 min. The microtiter plates were 
centrifuged at 1,000 rpm for 5 min and the degree of 
hemolysis was estimated by visual inspection. The auto- 
antibody titer was defined as the highest dilution of serum 
at which incomplete hemolysis had occurred. A serum was 
considered negative for anti-heart mitochondria autoanti- 
body if the titer was less than 1 : 2. The optimal concentra- 
tion of the heart . mitochondria antigen was determined by 
checkerboard titrations using a standard serum containing 
anti-heart mitochondria autoantibody. Appropriate serum 
and antigen controls were performed simultaneously with 
the above assays. A positive anti-htart mitochondria autoanti- 
body serum was titrated along with every test in order 
to ensure uniformity in the sensitivity of the complement 
fixation test from day to day. 

Preparation of complement fixation reagents. Sensitized 
sheep red blood cells (EA) * Veronal-buffered saline (r/2 
= 0.15) containing 0.1% gelatin (GVB), and low ionic 
strength GVB (r/2 = 0.065) containing 3% glucose (Gl- 
GVB) were prepared according, to the methods outlined by 
Rapp and Borsos (7). Partially purified human CI was 
prepared by euglobulin fractionation of fresh human serum 
as described previously (5). Sera congenitally deficient in 
the 4th, 6th, or 7th components of complement were ob- 
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^Abbreviations used in this paper: BSA, bovine serum 
albumin; CHm, total hemolytic complement; CPK, creati- 
nine phosphokinase ; EA, sensitized sheep red blood cells; 
ECG, electrocardiogram; EGTA, ethylene glycol bis(j3- 
aminoethyl ether) A^^AT^^'.A^'-tetraacetic acid; Gl-GVB, 
low ionic strength GVB (r/2 = 0.065) containing 3% glu- 
cose; GOT, glutamic oxaloacetic transaminase; GVB, 
Veronal-buffered saline (r/2 = 0.15) containing 0.1% gela- 
tin; KCNS, potassium thiocyanate; LDH, lactic dehy- 
drogenase; PBS, phosphate-buffered saline. 
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tained from C4-deficient guinea pigs, C6-deiicient rabbits, 
and a C7-deficient human, respectively. 

— ^Human-serum-deficient-in-G3,-G4,-an(l-G5-but-containing- 
stable, oxidized C2 was prepared by treating scrunj with 
potassium thiocyanate (KCNS) followed by iodination.* 1 
vol of 2.0 M KCNS was added to 1 vol of fresh human 
serum and the mixture was allowed to incubate ovtrnight 
at 0°C. The mixture was iBalyzed for 2 h against distilled 
water and for an additional 2 h each against three changes 
of phosphate-buffered saline, pH 6.8 (PBS). 9 vol of the 
KCNS-treated serum were reacted with 1 vol of triatomic 
iodine (Tj) for 5 min at 0**C The reaction mixture was 
dialyze<r overnight against PBS and subsequently against 
„GVB. The dialyzed oxy-KGNS:treatcd scrum was aliquoted 
and frozen in an acetone-dry ice bath and stored at - 70''C. 
Thie Is was prepared by the addition of 0.3173 g of I» 
(Allied Chemical Corp.. Morristown, N. J.) to 25.75 g 
of KI and the resulting solution brought to a fmal volume 
of 100 ml with distilled water. Human serum deficient in 
C3 and C4 was prepared by the treatment of 1 jol^ of f resh 
Icruln "withal Tof of ~rO~M^KCNS as described above. 

Preparation of cellular intermediates. EAC4 cells were 
prepared according to the method of Borsos and Rapp 
(8). EAGl cells were formed by incubation at CC for IS 
min of 200-400 effective molecules of human or guinea 
pig CI with EA (5 X 10' cells/ml). To this mixture was 
added 2 vol of the human serum diluted 1 : 10 with GVB 
containing 0.01 M EDTA. Alttrnatively human serum 
heated to 56° C for 30 min was used in place of the human 
serum-0.01 M EDTA-GVB mixture. The RAC1,4 cells 
were washed three times each with 0,01 M EDTA-GVB and 
with GVB and finally washed two times with Gl-(iVB. 

EACl,4oxy-2 cells were prepartd as described previ- 
ously.' EACl cells were prepared by the addition of suf- 
ficient CI to 20 mi of 2.5% suspension of EA to yield 
approximately 400 effective molecules of CI per erythro- 
cyte. After a 20-min incubation at 37° C. the EACl cells 
were washed 2 times in warm (37°C) GVB and resuspended 
to the original volume. 10 ml of heat-inactivated (56° C for 
30 min) human serum was added and the susi)ension was 
incubated 30 min at 37°C. The EAC1.4 cells were washed 
3 times and were resus])cndcd to the original volume. 10 ml 
of oxy-KCNS-trcated serum was added to the EAC1,4 
cells followed by incubation for 5 min at 37° C. The EACl, 
4,oxy-2 cells were washed 2 times in Gl-GVB and adjusted 
to a concentration of 1 X 10" ccUs/ml in Gl-GVB. 

Complement assays. Total hiemolytic complement (CHj»), 
CI, C2, C8, and C9 titrations were performed according to 
procedures described by Cordis Laboratories (Miami, Fla.) 
utilizing cellular intermediates and functionally purified 
human complement components. C4, C6, and C7 titrations 
were performed by utilizing C4-deficient guinea pig serum, 
C6-deficient rabbit serum, and C7-deficient human serum, 
respectively. The C4, C6, and C7 assays were performed 
by the addition of 0.1 ml of serum dilutions to 0.1 ml Gl- 
GVB followed by the addition of 0.1 ml of optimal dilutions 
of the appropriate serum deficient in the respective comple- 
ment component (C4, 1:50; C(>. 1: 12,5; C7. 1:30). 0.1 mt 
of sensitized erythrocytes (1 X 10' EA/ml) was added and 
the suspension was incubated for 120 min at 37° C with inter- 
mittent shaking. C3 assays were performed by the addition 
of 0.1 ml of serum dilutions (prepared in Gl-GVB) to 0.1 
ml of Gl-GVB and 0.1 ml of EACl,4,axy-2 cells (1.0 X 10* 

"Boyer, J. T., and P. Wyde. 1975. Hypochloritc-induced 
alterations of human scrum complement. Submitted for 
publication. 



cicl Is/ml). The mixture was incubated at 30 °C for 30 min 
with intermittent shaking. 0.1 ml of a dilution of serum 

-depleted-of-C3-and-C4-but-containing-excess-C5=C9_(refcr^ 
enc^s 9 10* 0.50 M KCNS-treated serum) then was added 
and the mixture incubated at 37°C for 60 min. At the end 
of the incubation period for each of the above assays 1 ml 
of cold saline was added, and after ccntrifugation the super- 
nates were analyzed spectrophotometrically at 415 nm to 
quantify the percent hemoglobin released. The 50% hemo- 
lytic end-point was determined by the von Krogh equation 
(7) and the results expressed as the number of functional 
hemolytic complement component units per milliliter of 
undiluted serum. 

Patient selection. The clinical studies were performed 
on patients admitted to the Coronary Care Unit and Myo- 
cardial Infarction Research Unit at the University Hospital, 
University of California School of Medicine, San Diego. 
After patient admission, a peripheral venous line (19-gauge 
angiocatheter) was inserted into a vtin in the wrist or arm 
for subsequent withdrawal of blood samples and for the 

~iTitravenous~injecti6n^of^medication"when"needed:-The^Iine- 
was kept open with heparin (1,000 U/20 ml flush solution). 
Blood samples for creatine phosphokinase (CPK), glutamic 
oxaloacetic transaminase (GOT), lactic dehydrogenase 
(LDH), and complement determinations were obtained on 
admission, hourly for the first 7 h, at 2-h intervals for the 
remainder of the first 24 h, and subsequently at 4-h inter- 
vals until 72 h had elapsed. Subsequent blood samples were 
obtained once daily. All blood samples were allowed to 
clot at room temperature and the serum aliquots were 
stored at — 70°C for subsequent determination of com- 
plement levels and the presence of anli-hcart mitochondria 
autoantibodies. A diagnosis of acute myocardial infarction 
was based upon the three following criteria: (o) a his- 
tory of prolonged chest pain typical of acute myocardial 
infarction; (6) evolutionary electrocardiographic (ECG) 
changes indicative of acute transmural myocardial in- 
farction ; and (c) a rise and subsequent fall in serum 
levels of CPK, GOT, and LDH in the characteristic pat- 
tern of acute myocardial infarction. Six of the patients 
included in the present studies with evidence of acute myo- 
cardial infarction met all three of these criteria. Six other 
patients were admitted to the Coronary Care Unit for 
observation because of recent chest pain; none of these 
patients had evolutionary ECG changes or subsequent ele- 
vations in serum enzyme levels. Two of the control patients 
had angina pectoris without evidence of infarction, two had 
atypical chest pain with chest wall tenderness, one had a 
hiatal hernia with reflux esophagitis, and there was no 
apparent etiology for chest pain in the sixth patient. The 
four patients without angina subsequently had no ECG 
changes during progressive exercise treadmill testing and 
none of the six patients had pleuritis or i)ericarditis. 

RESULTS 

CI bindiitg to heart mitochovdria. Direct evidence 
for the binding to CI to the mitochondrial membrane 
was obtained by CI binding and clution experiments 
(Table I). Partially purified human CI was adjusted to 
an ionic strength of 0.15 followed by incubation at 37'*C 
for 15 min in order to activate CI. Isolated human heart 
mitochondria (4 mg mitochondrial protein) were re- 
suspended in 0.5 ml of the activated CI preparation at 
O'^C. After a 15-min incubation the mitochondria were 
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Table I 
CV Binding to Heart Mitochondria 



centrifugation at 17,000 g for 2 min. Sera not exposed 
10 isolated human heart mitochondria, but incubated at 



.a 



k-: 



Htiitulytic Cl 




U/ml 


Purified Cl i 


115,000 


Cl remaining in the supernato 


32,000 


Cl eluted from mitochondria 


120,000 



Isolated human heart mitochondria (4 mg mitochondrial 
protein) were rcsuspcnded in 0.5 ml of a partially purified 
- preparation of activatedXl at 0*C and were incubated for 
IS min. The mitochondria were removed by centrifugation 
and were washed two times with Gl-GVB, r/2 = 0.065. After 
the second wash the mitochondria were resuspcnded in 0.5 ml 
of 0.30 M NaCl and were incubated at 0°C for 15 min. The 
mitochondria were removed by centrifugation and the super- 
~ nate" was "diluted 'with^an~equaI"vo!ume "of~disliIIed^watcrr 
Hemolytic Cl assays were performed on the original un- 
absorbed Cl preparation, the supernate from the mito- 
chondria-absorbed Cl preparation, and the Cl eluted from the 
mitochondrial membrane. 

removed by centrifugation (17,000 g for 2 min) and 
were washed 2 times with Gl-GVB, r/2 = 0.065. After 
the second wash bound Cl was dissociated from the 
mitochondria by resuspension in 0.5 ml of 0.30 M NaCl 
and incubation at 0°C for IS min. The mitochondria 
were removed by centrifugation and the supernate was 
diluted with an equal volume of distilled water in 
order to establish an ionic strength of r/2 = 0.15. 
Hemolytic Cl assays were performed on the original 
unabsorbed Cl preparation, the supernate from the 
mitochondria-absorbed Cl preparation, and the Cl 
eluted from the mitochondrial membrane. In numerous 
experiments, one of which is shown in Table I, ab- 
sorption of Cl preparations with isolated human heart 
mitochondria always removed greater than 70% of the 
hemolytic Cl activity; significant Cl activity was re- 
covered from the mitochondria-Cl complex after incu- 
bation in 0.30 M NaCI. Similar experiments conducted 
with fresh human serum also indicated the ability of 
4 mg isolated human heart mitochondria to absorb 
greater than 50% of the Cl from 1 ml undiluted human 
serum. 

Mitochondrial vieinbrane-induced consumption of in- 
dividual serum components. Studies were conducted 
to determine which components of complement were 
consumed after exposure of sera to isolated human 
heart mitochondria. Isolated human heart mitochondria, 
4 mg mitochondrial protein, were resuspcnded in 0.5 
ml of fresh undiluted normal human sera. These sera 
were documented not to contain detectable complement- 
fixing, anti-heart mitochondria autoantibody as de- 
scribed in Methods. The mixture was incubated at 37*C 
for 30 "min and the mitochondria were removed by 



.?7"( ' 'for 30 niin served as cnntrnls. A tvpical cxpei i- 
ment is shown in '.rahle II and demonstrates that sig- 
nificant consumption of Cl, C4, C2, and C3 occurred 
in serum exposed to isolated human heart mitochondria. 
In contrast, significant consumption of the terminal 
components of complement (C6 through C9) was never 
observed. The CHao decreased to a similar degree as 
the decreases in the hemolytic levels of C2 and C3. 
When similar experiments were performed in the pres- 
ence of 0.01 M EDTA, no consumption of C4, C2, or ' 
C3 was observed although a significant decrease in Cl 
was observed. 

Fig. 1 demonstrates the rate of consumption of C4 
in serum exposed to isolated human heart mitochondria. 
"^Fresh~hiiinaii~serum~wirs^exposed~to~is6la humaiT 
heart mitochondria (8 mg mitochondrial protein/ml 
undiluted serum) at 37'*C. At various times samples 
were removed and centrifuged at 17,000 g for 2 min 
and the C4 titers were determined on the supernates. 
Sera not exposed to human heart mitochondria but 
treated in a similar hianner served as controls. It can 
be seen that, immediately after exposure of serum to 
isolated human heart mitochondria, there was a precipi- 
tous decrease in C4 level. The consumption of C4 con- 
tinued until only 10% of the original C4 level was 
present 30 rrr.n after exposure of the scrum to isolated 

Table II 

Consumption of Complement in Human Serum 30 min after 
the Addition of Isolated Human Heart Mitochondria 



Complement 
component 



Serum 
control 



Scrum- 
mitochondria 



Percent 
reduction 



hemolytic V/ml serum 



Cl 


152,000 


60,000 


61 


C4 


1,900.000 


185,000 


90 


C2 


7,000 


5,600 


20 


C3 


320,000 


220,000 


31 


C6 


1,300 


1,200 


8 


C7 


60,000 


53,000 


12 


C8 


1,480,000 


1,530,000 


0 


C9 


440,000 


400,000 


9 


CHjo 


1,250 


910 


27 



Isolated human heart mitochondria (4 mg mitochondrial 
protein) were resu.'^pendcd in 0.5 ml of fresh undiluted normal 
human serum documented not to contain detectable com pie- 
men t-fixinjf, anti-heart mitochondria autoantibody. The 
mixture was incubated at 37'*C for 30 min and the mito- 
chondria were removed by centrifugation. Serum not exposed 
to isolated mitochondria but incubated at 37*'C for 30 min 
served as control. Hemolytic assays were performed on the 
serum control and serum exposed to mitochondria and the 
percent reduction of the individual complement components 
was determined. 
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Figure 1 Rate of C4 consumption in fresh 'Human Terum 
exposed to isolated human heart mitochondria. Isolated 
human heart mitochondria (4 mg mitochondrial protein) 
were resuspended in 1.0 ml of fresh human serum docu- 
mented not to contain any detectable anti-heart mitochon- 
dria autoantibody. The suspension was incubated at 37° C 
and at various times samples were removed and centrifuged 
and C4 levels were determined on the supernatcs. Serum 
not exposed to human heart mitochondria was treated in 
a similar manner and served as a control. 

human heart mitochondria. As in the previous experi- 
ment the presence of 0.01 M EDTA prevented the 
mitochondria-dependent consumption of C4 in hurnan 
serum. 

Additional experiments were performed to determine 
whether the mitochondria-dependent consumption of C3 

Table III 

Effect of EGTA upon the Heart Mitochondria-Dependent 
Consumption of €4 and C3 in Normal Unman Sera 



Complement comiwncni 



E.tperiment 



C4 



Without EGTA 
Serum control 
Serum-mitochondria 
Serum-zymosan 

With 0.01 M EGTA 
Serum control 
Serum-mitochondria 
Serum-zymosan 



U/ml 



900,000 

140,000 (84%)* 
650.000 (28%) 



710,000 
720,000 (0%) 
800,000 (0%) 



200,000 
125,000 (37%) 
55,000 (72%) 



190,000 
175,000 (8%) 
92,000 (56%) 



Isolated human heart mitochondria (4 mg mitochondrial 
protein) were resuspended in 0.5 ml fresh human serum in the 
presence or absence of 0.01 M EGTA at 37 "C and were incu- 
bated for 30 min. The mitochondria were removed by ccntri- 
fugation and the hemolytic levels of C4 and C3 were 
determined. 

* Percent reduction wfivn coniparc<l to control serum. 



ment pathway. In a rcpresentative~cxiTcr in i en t~(Tai)l c 

III) fresh human serum, 0.5 ml, was exposed to 4 nig 
of human heart mitochondria in the presence or absence 
of 0.01 M RGTA at 37^C for 30 n»in. The mitochondria 
were removed by centrifugation (17.000 // for 2 min) 
and the hemolytic levels of C4 ;(n<l C3 were deter- 
mined. Scrum which was tiot exposed to isolated human 
heart mitochondria or which was ejcposed to 4 mg of 
zymosan served as controls, the latter being performed 
to demonstrate" the activation of the alternative pathway- 
under the experin)entnl conditions. As can be seen in 
Table III, signiHcant consumption of C4 and C3 oc- 
curred in scrum not containing EGTA that was re- 
acted with either isolated human heart mitochondria 

"or^'zymosanr-In—contrast,— no— significant— consumption- 
of either C4 or C3 occurred in serum containing EGTA 
that was reacted with mitochondria, but significant con- 
sumption of C3 occurred in the serum containing 
EGTA and zymosan. 

Although the above experiments indicated repeatedly 
that mitochondria-dependent consumption of C3 did not 
occur through activation of the alternative pathway, 
they did not establish that the consumption of C4 or 
C3 by mitochondria occurred through the activation of 
the classic complement pathway. Therefore, additional 
experiments were performed to determine whether or 
not the mitochondria-dependent consumption of C4 and 
C3 required the activation of human CI by huihan heart 
mitochondria. In a representative experiment (Table 

IV) , fresh human serum was absorbed with rabbit 
anti-bovine serum albumin (BSA)-BSA immune com- 
plexes in slight antibody excess in the presence of 0.01 

Table IV 

Mitochondria-Dependent Consumption of C4 and C3 in 
Normal and Clq-A bsorhed Human Sera 

Cnmplttment com(>oncin 



Experiment 



C4 



U/mt 



Normal 
Serum control 
55erum-mit(x;hondria 

Clq-absorbcd 
Scrum control 
Scrum-mitochondria 



970,000 290,000 
130,000 (87%)* 190,000 (.U%) 



900,000 
750,000 (17%) 



170,000 
120,000 ^0%) 



Isolated human heart mitochondria (4 mg mitochondria; 
protein) were resuspended in 0.5 ml of fresh human serum or; 
human serum depleted of Clq. After incubation at 37"C for 
30 min the mitochondria were removed by ccntrifugation and 
the C4 and C3 levels were determined. 
* Percent reduction when compared to control scrum. 
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M EDTA in order to remove Clq selectively. Three 
—absorptions— with— BSA-anti-BSA-.immune_complexes- 
coiisistentiy removed greater than 95% of the func- 
tional CI activity. 4 mg isolated human heart mito- 
chondria was resuspended in 0.5 ml of the recalcified 
Clq-depletcd human serum. After incubation at 37*0 
for 30 niin, tlie mitochondria were removed by centrifu- 
gation (17,000 g for 2 min) and the hemolytic levels 
of C4 and C3 were determined. Fresh human sera not 
absorbed with BSA-antiBSA immune complexes were 
utilized in similar experiments and served as controls. 
As seen in Table IV, removal of Clq significantly de- 
creased the mitochondria-dependent consumption of C4 
but did not reduce significantly the consumption of C3. 

Intravascular consumption of complement components 
in P atients after acute myocardial infarction. Stu dies 
were performed to determine whether similar consump- 
tion of complement components also might occur in pa- 
tients after acute myocardial infarction. Serial serum 
samples were obtained from patients during the 72-h 
period following hospitalization. 12 patients were in- 
cluded in these studies: 6 patients with unequivocal 
evidence for acute transmural myocardial infarction; 
and 6 patients with recent chest pain but who subse- 
quently were shown not to have had an acute myocar- 
dial infarction. CHbo, CI, C4, C3, and C6 assays were 
performed on the sera from each patient simultaneously. 
The maximum percent decreases, during the initial 72.h 
period following hospital admission, in each respective 
complement component were determined relative to the 
levels of the individual complement components deter- 
mined for the serum sample obtained at admission. 
The data in Table V show the maximum percent de- 
creases in CHso, CI, C4, C3, and C6 and the times at 
which these decreases occurred in six control patients 



Table V 

Maximum Percent Decrease in Complement during the 72-h 
Period Following Hospitalization of Control Patients 
without Acute Myocardial Infarction 

Complement component 





- Patient 


CHio 


CI 




T.O. 


20* (7) 


12 (5) 




E. E. 


17 (4) 


U (4) 




K. A. 


12 (20) 


11 (12) 




. H. B. 


24 (12) 


7 (14) 




R. A. 


0 (0) 


25 (4) 




R. G. 


1 (40) 


7 (4) 



C4 



C6 



17 (7) 
14 (36) 

4 (4) 
19 (14) 

NO 
10 (36) 



0 (0) 
15 (8) 
17 (35) 
n (6) 
14 (10) 
26 (10) 



11 (9) 

10 (36) 

4 (S) 

12 (6) 

5 (2) 
0 (0) 



< 



* Maximum percent decrease observed relative to complement 
levels of the scrum obtained at admission ; values shown in 
I>arentheses indicate the time (hours) after hospitalization at 
. v/hich the maximum percent decrease I'n complement occurred. 
Nl>, assay not done. 



,1 

it 

IX 



.16 ^ 
Ttme tHours) 



FiGiiRK 2 Temporal changes in the percent decreases in 
the levels of CI, C4, C3, C6, and CHa> in relation to the 
serum CPK in control patient K. A., who did riot ex- 
perience aeute myocardial infarction. The time scale in 
this figure is constructed so that 12 h represents noon on 
the day of admission and 72 h represents midnight of the 
3rd day. 

with chest pain but without myocardial infarction. None 
of the six patients had detectable anti-heart mitochon- 
dria antibody in any of the sera studied. These six 
patients were chosen as controls since the environ- 
mental influences and methods for the procurement of 
blood samples and serum preparation were identical to 
the six patients with acute myocardial infarction. The 
data in Table V demonstrate that there were no large 
decrease.*! in any of the components measured in any of 
the six patients studied. The mean decreases for the 
CH.-^ and CI were 12% (range 0-24% and 7-25%) ; 
the mean decreases of C4 and C3 were 13 and 14%, re- 
spectively (range 4-19% and 0-28%); and for C6 it 
was 7% (range 0-12%). In addition there was no rela- 
tionship either between patients or within individual pa- 
tients of the times at which the maximum decreases in 
individual complement components occurred. 

Fig. 2 dei)icts the fluctuations in the serum levels of 
CH.-o, CI, C4, C3, and C6 in a representative control 
patient. Patient K. A. was admitted 2 h after the onset 
of atypical chest pain and had no evidence of acute myo- 
cardial infarction; i.e. there were neither elevations in 
the serum levels of CPK, GOT, or LDH, nor evolu- 
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Table VI 

-Maxmum-Percent-Decrease-in C<mpUment.duringJheJ.2zh_ 
Period Foiiowing HospitalizatiGn of Paitsnis 
with Acute Myocardial Infarction 



tion was observed witli respect to the relatively small 
maxiniuTn decrease in C6. 



Patient 




^Complement comi>oncnt 




CHm 


CI 


04 


C3 


C6 


E. H.. 


ND 


65*(41) 


38 (41) 


33 (24) 


0 (0) 


C. G. 


17 (22) 


53 (22) 


62 (22) 


26 (22) 


13 (22) 


J.C. 


33 (28) 


50 (21) 


18 (21) 


28 (21) 


0 (0) 


L. C 


13 (18) 


27 (18) 


32 (18) 


29 (22) 


15 (4) 


A. W. 


5 (21) 


47 (21) 


44 (8) 


47 (21) 


10 (2) 


J. E. 


25 (6) 


45 (26) 


29 (26) 


47 (10) 


6 (0) 



♦ Maximum percent decrease observed relative to complement 
levels of the serum obtained at admission; values shown in 
parenthesis ihdicalF th^timT (hours)"after "hospital ization-at- 
which the maximum p<;rcent decrease in complement occurred. 
ND, assay not done. 

tionary ECG evidence of acute myocardial infarction. 
No significant fluctuations in the levels of complement 
components measured were observed over a 50-h period 
following admission. 

In striking contrast to the control patients, signifi- 
cant decreases in the levels of CI, C4, and C3 occurred 
in every patient with acute myocardial infarction dur- 
ing -the 72-h period foil owing hospital izai ion. These 
six patients were admitted to the hospital 2-4 h after 
the onset of chest pain. The initial elevations in serum 
CPK occurred 3-7 h after admission. None of the six 
patients with acute myocardial infarction had detectable 
anti-heart mitochondria antibody at the time of admis- 
sion nor during the following 72 h of hospitalization; 
however, four of these six patients developed detectable 
anti-heart mitochondria antibody during the 2nd wk 
after hospitalization. The data in Table VI demonstrate 
that there were significant decreases in complement 
components CI, C4, and C3. The mean decreases ob- 
served were as follows: CH», 18.5% (range 5-33%); 
CI, 47.8% (range 27-65%); C4, 37.2% (range 18- 
62%); C3, 35% (range 26-47%); and C6, 7.3% 
(range 0-15%). In contrast to the control patients, 
there appeared to be a relationship between and es- 
pecially within patients of the times at which the maxi- 
mum decreases of CI, C4, and C3 occurred. As can be 
seen in Table VI the maximum decreases of these 
components occurred approximately 24 h after hospital- 
ization; furthermore, in five of six patients the maxi- 
mum decreases in CI and C4 occurred simultaneously 
and the maximum decrease in C3 generally occurred 
within hours of the CI and C4 decreases. Although the 
maximum decreases in CH» tended to correlate tem- 
porally with the CI, C4, and C3 decreases, no correla- 



Fig. 3 demonstrates the precipitous decreases in" 
complement components CI, C4, and C3 observed in 
patient A. W., who had an acute myocardial infarction. 
The initial decreases in CI, C4, and C3 occurred 4i h 
after the onset of chest pain during a period of time 
when the initial increase in serum CPK levels was 
occurring. The maximum decreases in CI, C4, and C3 
occurred within 24 h and returned to within norma! 
limits during the 3rd day of hospitalization. The CHw 
and C6 levels did not fluctuate significantly during the 
first 48 h after admission, but tended to become elevated 
on the 3rd day after hospitalization. 

Table VII shows a statistical comparison of the maxi- 
mum percent decreases during the 72-h period fol- 
~lowing^h"ospitalizatioir in~the~serumHevcls-of- 
C4, C3, and C6 between the control and experimental 
groups. The data, obtained from Tables V and VI, 
were analyzed by the Student's / test for the comparison 
of means between two groups. These comparisons docu- 
mented significant decreases in the levels of CI, C4, 
and C3 (F< 0.001, < 0.001, and < O.OOS, respectively) 



C6 • 





Figure 3 Temporal changes in the percent decreases in 
the levels of CI, C4, C3, C6, and CH«> in relation to the 
elevation of the serum CPK in patient A. W. This patient : 
was documented to have experienced unequivocal acute 
transmural myocardial infarction. The time scale in this 
figure is constructed so that 12 h represents noon on the 
day of admission and 72 h represents midnight of the 3rd 
day. 
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Me:.n:fcSI)i.f i>cr.r,.L m;uxim,m» dixTe«:«^ of <;oinplrmc.ni roni,K>,KMUs 



Cl 



C4 



Patients with acute I8.6d:10.9 

myocardial infarction (/> > 0.3)* 

Control patients without 

myocardial infarction 12.3±10.0 



C6 



47.8±12,4 
{P < 0.00 1; 



12.2 ±6.6 



37.2±15.0 
{P < 0.001) 

12.8±6.0 



35.0±9.6 
(i' < 0.005) 

13.8±8.5 



7.3±6.4 
{P > 0.9) 

7.0±4.7 



* P value determined by'rhc; Stud.nfs / tost for the cnmparis^.n of means betw<^n two groups - the data utihzed 
m these analysrs are Kiven in I'ahles V and VI. * utilized 



: 



between the patients with acute myocardial infarction 
and the control patients without myocardial infarction. 
—No - signi ficant-di Terences- were-noted-betweeirthe-t wo 
groups with respect to the maximum percent decreases 
in CHw or levels of C6. 

DISCUSSION 

Kecent evidence indicates tliat myocardial cell necrosis 
followmg coronary artery occlusion can be reduced 
significantly by a variety of therapeutic interventions. 
Agents which decrease myocardial oxygen demand, 
increase the supply of oxygen to the myocardium, en- 
hance anaerobic myocardial metabolism, or augment 
the transport of oxygen and substrates to ischemic cells 
^ seems to prevent or to attenuate the au'tolytic Tnd 
heterolytic destruction of normal myocardial tissue lo- 
: cated in the marginal zone of the infarct (1, 11). Al- 
though in-patient deaths from acute myocardial in- 
farction due to primary arrhythmias have been reduced 
significantly, reduction in the morbidity and mortality 
. due to the destruction of functional myocardial tissue 
^following coronary artery occlusion until recently has 
not been possible. This latter point is of special im- 
portance in view of the correlation between infarct size 
and prognosis (12). Therefore, it is apparent that the 
molecular factors governing the evolution of infarct size 
after coronary artery occlusion warrant further in- 
vestigation so that appropriate therapy may be de- 
veloped to limit the degree of myocardial cell necrosis. 
The manipulation of factors that affect the develop- 
, nient of acute inflammation may prove to be relevant 
to the above considerations. Interventions have been 
designed to prevent the autolytic destruction of myo- 
t'-ardial cells and tlie heterolytic destruction of normal ' 
,«iyocardial tissue following the infiltration of inflam- 
matory cells. For example, it has been demonstrated 
• ipat corticosteroid administration can lead to the reduc- 
.^^>n of infarct size in the experimental animal (13, 14). 
: JVesumably the action of corticosteroids is mediated 
■?"rough their ability to stabilize membranes preventing 
<"Jtolysis and by their anti-inHanunatory properties 



which prevent the heterolytic destruction of normal 
myocardial tissue caused by infi ltrating Inflanmxatory 
cells, particularly the neutrophilic polymorphonuclear 
leukocyte. Another promising means of afiecting the 
evolution of infact size by suitable modification of acute 
mrtamniation derives from the ability of cobra venom 
factor to reduce tlie amount of myocardial damage 
after experimental myocardial infarction in dogs (15). 
Cobra venom factor activates the alternative comple- 
ment pathway, resulting in significant depletion of C3, 
which would be expected to prevent a wide variety of 
inflammatory reactions especially involving the neutro- 
phil. In addition, C3 depletion also would prevent the 
generation directly or indirectly of a variety of vaso- 
active substances. 

The importance of complement in the development 
of acute myocardial inflammation following coronary 
artery occlusion has been studied in the rat. These 
studies have demonstrated that the infiltration of neu- 
trophils after experimental myocardial infarction is 
dependent upon C3 (2). These studies also demon- 
strated that the C3-dependent neutrophil infiltration 
likely was initiated by the release of a 3 converting 
enzyme from damaged myocardial tissue and that such 
inflammation could be prevented experimentally by the 
administration of cobra venom factor. The C3-con- 
verting enzyme was shown to cleave directly either 
purified rat or human C3 resulting in the generation of 
C3 leukotactic factors, C3-converting activity was dem- 
onstrated in tissue minces of rat, heart, lung, and spleen 
(16) and in saline extracts of extensively homogenized 
rat heart tissue (2). 

In view of the possibility that factors released from 
damaged myocardial tissue may be involved in the 
activation of the complement system and subsequent 
development of the acute infianmiatory process, our lab- 
oratories have been studying a possible immunologic 
involvement in the pathogenesis of myocardial damage 
m a variety of cardiac diseases. Our initial interests 
centered around the temporal development of anti- 
heart autoantibody after experimentally induced myo- 
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cardial infarction in dogs (3). However, it was evi- 
dent that due to the temporal developmen t of the anti- 
heart mitochondria autoantibody, autoantibody was not" 
involved in the initial inflammatory process occurring 
witiiin the first 24-72-h period following coronary ar- 
tery occlusion. Subsequently, we demonstrated a 19S 
complement-fixing, lieaMahile factor present in all nor- 
mal human serum, which was reactive with human 
heart mitochondria and sarcoplasmic reticulum. This 
serum factor reacted with autologous and homologous 
heart mitochondria but did not react with mitochon- 
dria derived from cardiac tissue of otlier species. Sub- 
sequent characterization indicated that this heat-labile 
factor was the first component of human complement. 
The CI reacted with the mitochondrial membrane, was 
activated, and resulted in an apparent antibody-inde- 
"pendSiracti\^HoFof tH^ "~ 

The present studies were undertaken to characterize 
further the mitochondria-dependent activation of com- 
plement in human serum and to determine whether 
similar activation of serum complement also occurred in 
patients after acute myocardial infarction. Evidence 
was obtained for the direct binding of partially purified 
human CI to the mitochondrial membrane by CI fixa- 
tion and elution experiments (Table I). It is likely that 
the binding of CI to the mitochondrial membrane oc- 
curred through the Clq component since previous 
studies have demonstrated the ability of isolated mito- 
chondria to selectively remove Clq from human sera 
in the presence of 0.01 M EDTA (5). These observa- 
tions, together with the experiments which demon- 
strated that selective absorption of Clq from human 
serum prevented the mitochondria-dependent consump- 
tion of C4 (Table IV), indicated tliat direct CI binding 
occurred on the mitochondrial mem^brane with subse- 
quent activation of the CI molecule. 

Incubation of isolated human heart mitochondria with 
human serum at 37**C resulted in a consumption of CI, 
C4, C2, and C3 without significant consumption of the 
terminal components of the complement system, C6 
through C9 (Table II). The mitochondria-dependent 
consumption of C4 was calcium dependent and was in- 
hibited by the presence of 0.01 M EDTA or EGTA, 
(Table III). These data, together with the significant 
inhibition of C4 consumption in Clq-depleted serum 
(Table IV), indicated that the C4 consumption was 
dependent upon activation of CI by mitochondria. The 
inhibition by EGTA of the mitochondria-dependent 
consumption of C3 indicated that the C3 consumption 
was not due to activation of the alternative complement 
pathway by heart mitochondria; under the same ex- 
perimental conditions significant C3 consumption oc- 
curred after exposure of serum to zymosan (Table 
III). However, no decrease in C3 consumption occurred 



in Clq-depleted serum, which suggests that the con- 
sumption of C3 was independent of CI activation (Table 
IV)~Thcse~experiments-do-not-completely-exclude-tlie 
possible role of CI since the Clq-depleted serum con- 
tained small amounts of functional CI and some mito- 
chondria-dependent consumption of C4 was noted. It is 
unlikely that the decreases in C3 in the serum exposed 
to mitochondria were due simply to C3 absorption on 
the mitochondrial membrane for two reasons. First, 
either EDTA or EGTA inhibited the mitochondria- 
dependent consumption of C3 in the serum. Second, in 
contrast -to serum not- exposed to mitochondria, serum, 
exposed to mitochondria consistently revealed the con- 
version of plc to /Jla. Therefore, it is possible that the 
mitochondria- dependent consumption of C3 may be 
analogous to the C3 consumption documented by Hill 
-and"Ward-(-2-) ,-who-demonstrated-a^C3rConverting_en= 
zyme derived from myocardial tissue that enzymatically 
fragmented human C3. Proteolytic consumption of C3 
might explain the lack of C6-C9 consumption as it has 
been documented that the C3-dependent activation oj 
C5 requires tlie formation of a C423 complex or C3 
associated with factor B of the alternative pathway 
(17). 

After the characterization of the activation of the 
first four components of human complement by iso- 
lated human heart mitochondria, studies were per- 
formed to determine whether similar complement de- 
creases occurred in patients after acute myocardial in- 
farction. Sequential serum samples for six patients with 
unequivocal myocardial infarction were assessed for 
significant fluctuations in the functional levels of CI, 
C4, C3, C6, and CH» during the 72-h period following 
hospitalization. The data demonstrated significant de- 
creases in the functional levels of CI, C4, and C3 but 
not C6 or CH» in all six patients. The initial precipi- 
tous decreases in the functional levels of CI, C4, and 
C3 occurred simultaneously with the initial elevation 
in serum CPK (Fig. 3). In general, the maximum de- 
creases in the functional levels of these complement 
components occurred within 24 h after hospitalization. 
These maximum decreases in CI and C4 occurred si- 
multaneously in five of six patients with the maximum 
decrease in C3 occurring within hours of the maximum 
decreases in CI and C4 (Table VI). In contrast, no 
significant decreases in functional levels of the com- 
plement components studied occurred in six control 
patients with chest pain but without myocardial infarc- 
tion. The small fluctuations in complement compo-. 
neiits in the control patients did not change precipi- 
tously nor was there any apparent diurnal variation 
(Table V, Fig. 2). Statistical comparison of the maxi-. 
mum percent decreases in the functional levels of van- -: 
ous complement components in the myocardial infarc-;. 
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tion and control groups during the first 72 h of hos- 
pit;i!ix ;ttion slu)\ml a high deforce of significance with 
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respect to CI, C4, and C3 but not with respect to CR» 
orCe (Table VII). 

The present studies are the first documentation of 
significant dfcreasp in thf functiunal levels of in- 
flividual cmnplenieftt components in patients immedi- 
ately after acute myocardial infarction. Alterations in 
total serum complement have been reported previously 
in patients after myocardial Infarction (IS). However, 
in these studies it was reported that patients with myo- 
cardial infarction had abnormally high levels of CHm 
2-5 days after myocardial infarction. Recently it has 
been reported that hypercatabolism of various comple- 
ment components in a variety of diseases is accom- 
panied by a hypersyn thesis of these 'same complement 
- components -C19-)"In-view-of"the-results-^of"the~pTesenf 
study it is possible that the elevated CH«> levels previ- 
ously reported (18) were due to an initial consumption 
of complement immediately after myocardial infarction 
with the subsequent compensatory hypersynthesis of 
these complement components. 

We have demonstrated that isolated human heart 
mitochondria can activate the first four components of 
human complement in human serum in vitro and that 
similar decreases in the functional levels of these scrum 
complement components occur in patients after acute 

mvo'*a''dia^ infnrrfinn A ti-1irtt«r*-%i t-Uaf^ ^-i..*-, *.„ iU- 

intravascular activation of the first four components of 
complement after acute myocardial infarction, unequivo- 
cal documentation for the intravascular consumption of 
plasma complement can only be obtained by measuring 
the fractional catabolic rates of these components (19) 
and/or documenting the development of circulating 
complement conversion products. The decreases of in- 
dividual complement components both in vitro and in 
vivo in the present studies could not be explained on 
the basis of the presence of anti-heart mitochondria 
autoantibody. Whether the release of subcellular organ- 
elles from damaged myocardial tissue is responsible for 
the antibody-independent decrease in the functional 
levels of individual complement components in patients 
after myocardial infarction is not known at present. 
Certainly a wide variety of substances have been re- 
ported to activate CI or C3 in the absence of detectable 
antibody and include single- and double-stranded DNA, 
various polynucleotides, proteolytic enzymes such as 
trypsin and plasmin, endotoxin, certain viruses, poly- 
cations, and C-reactive protein (17). Regarding C-re- 
active protein, it is noteworthy that the initial and max- 
imum decreases in CI, C4, and C3 reported in the pres- 
ent studies occurred before the reported increase in 
C-reactive protein and other acute phase reactants in 
myocardial infarction patients (20). 



In view of the recent evidence indicating the role 
«>f coniplnncnt in the tlevclo pnionf nf ur^^tn myocardial 
inflammation and evolution of infarction size (1, 2, 
15J, the molecular mechanisms governing the activation 
of complement by heart subcellular organelles war- 
rants further investigation. Such studies might pro- 
vide new information regarding potential therapeutic 
mterventions which could selectively inhibit the activa- 
tion of complement after heart damage, thereby de- 
creasing tiic amount of myocardial cell necrosis fol- 
lowing coronary artery occlusion. 
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tion 
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Summary 

The serum Clq inhibitor (Clq INH) is a chondroitin 4-snlfate proteoglycan which is composed of 
several polyanionic components ranging in size from 21-750 kDa. Although the activity of Clq 
INH has been described in terms of its ability to precipitate Clq and inhibit its hemolytic activity, 
not much is known about either the mechanisms of its action or its role in health and disease. This 
report provides evidence that a 30 kDa core protein component of the proteoglycan macromolecule 
contains most of the Clq inhibitor y activit y. This inhibi tory activity occu rs as a result o f Clq 
INH binding to the Clq "heads" (gClq) as well as to the collagen "tair (cClq), What niay be 
more significant in terms of perpetuation of inflammatory processes is the ability of Clq INH to 
moderately activate the classical pathway leading to C2 and C4 consumption. The binding of Clq 
INH to Clq is enhanced at low ionic strength, but significant binding does occur under physio- 
logic conditions which makes it likely for the inhibitor to participate in inflammatory processes 
especially in microenvironments of high inhibitor concentration. Such elevated concentration does 
occur in patients with active rheumatoid arthritis and systemic lupus erythematosus either as 
a result of unregulated proteoglycan synthesis or disturbances in connective tissue metabolism. 
Another important function of serum Clq INH is its ability to prolong the clotting time of plasma 
and fibrinogen solutions containing or lacking CaCU. This potent anticoagulant activity is again 
display ed by the 30 kDa pHtative protein core which specifically hinds to both the E and D 
domains of fibrinogen. However, the epitope (s) on the 30 kDa which binds to Clq appears to be 
distinct from that which binds to fibrinogen. The known preseyice of proteoglycans on the basement 
membranes and other sites may explain at least in part the presence of fibrinogen in atheromatous 
lesions. Furthermore, by binding to fibrinogen, soluble Clq INH -and Clq-Clq INH complexes 
may limit fibrin gelation in inflammatory and tissue repair microenvironments. 

Key- Words: Clq inhibitor, proteoglycan, chondroitin 4-sulfate. 



Introduction 

The existence of a molecule which inhibits the 
hemolytic activity of Clq was first reported 
by Conradie et al.' These authors demonstrat- 
ed that a polyanionic macromolecule was asso- 
ciated with Clq when the purification method 
of Yonemasu and Stroud'^ was ernployed. This 
macromolecule could be dissociated from Clq 
by affinity chromatography using Concanava- 
lin A (Con A) covaiendy linked to Sepharose 
4B. Because the binding site of Con A is speci- 
fic for a-D-mannosyl, a-D-glucosyl and steri- 



cally similar residues and Clq contains both 
type of sugars" the application of purified 
Clq^ to Con A-Sepharose 4B' results in the 
binding of Clq while the polyanionic macro- 
molecule comes through un adsorbed'. Such 
purified Clq was found to have an enhanced 
hemolytic activity, and, conversely, addition of 
the polyanionic macromolecule to Clq inhib- 
ited its hemolytic activity' hence the designa- 
tion of Clq inhibitor (Clq INH)'. Further- 
more, this macromolecule has the unique 
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property of precipitating Clq when examined 
—by Ouchterlony-analysis in a manner similar to- 
that of antigen -antibody interaction'* \ The 
inhibitory properties of Clq-INH were fur- 
ther demonstrated when it was shown that 
Clq-mediated cellular cytotoxicity could be 
abrogated if the Clq-coated chicken erythro- 
cyte target cells were first precoated with puri- 
fied Clq-INH before exposure to the effector 
cells'. 

The serum Clq INH was identified by Silvcs- 
tri et. al/ to be a chondroitin 4-sulfatc proteo- 
glycan and probably originates from periphe- 
ral tissues, vessel walls and blood cells**. This 
" report"iririt^dedTo not only^rnph^sizelhaT" 
the low hemolytic activity of certain C lq prep- 
arations may be due to the presence of Clq 
INH but also to highlight the pathophysiolog- 
ic relevance of this molecule by discussing its 
interaction with CI and fibrinogen. 

Purification of Clq Inhibitor 

The purification of Clq INH, which is nor- 
mally present in normal human serum, can be 
effected by several steps of low ionic strength 
precipitations in the presence of EDTA" fol- 
lowed by affinity chromatography on Con A- 
Sepharose 4B essentially as described but with 
minor modifications^ Briefly, freshly collect- 
ed blood is allowed to clot at room temperature 
for i hn, after which, the clotted blood is sliced 
and placed at 4 ""C for an additional 1 hr for clot 
retraction to occur and the clot removed by 
centrifugation (1400 x g, 30 min). The super- 
natant (serum) is removed and centrifuged for 
an additional 40 min at 4 ''C and 16,000 x g. To 
the serum is added 1/4 the serum volume of 
O.IM EDTA pH 7.5 and incubated (15 min at 
37 °C). Next, the mixture is placed at -70 °C 
freezer until the serum temperature has cooled 
down to 0 "^C, and the pH adjusted to 7.5 using 
O.IN NaOH or O.IN HCl and then 0.003M 
EDTA pH 75 is added while stirring until 
the ionic strength of the mixture reaches 
4 (1=0.04). The mixture, which is kept on 
ice, for 1 hn is stirred every 20 min for ap- 



proximately 2 min each after which it is placed 
— in-clear-plastic-bottles-and-centrifuged— at- 
16,000 X g for 30 min at 4 X. The serum is si- 
phoned off and the precipitate which is visible 
on the sides of the flasks is washed with 2X the 
original volume of scrum using O.IM EDTA, 
pH 75 (1=0.04) by centrifuging at 16,000 x g 
for 30 min at 4 °C. The resulting precipitate is 
dissolved in 12 ml (per iOO mi of original se- 
rum volume) of 0.7M NaCI-O.OlM EDTA_pH 
5.0 and left at 4*'C overnight. The solution is 
then centrifuged (30,000 x g, 30 min, 4 '') to re- 
move aggregates and the supernatant dialyzed 
against 1000 ml O.IM EDTA pH 5.0 (= 0.078) 
— for-2 hr-with-one-changc^of-buffer-and-dialysis- 
overnight at 4°C. The precipitate is collected 
by centrifugation (16,000 x g, 30 min, 4°C), 
washed twice in the same EDTA buffer usins 

o 

1/2 the original volume of serum and the pre- 
cipitate dissolved in approximately 5 ml of 
0.3M NaCl-O.005M EDTA pH 75. Tliis solu- 
tion is-then centrifuged at 30,000 x g (30 min, 
4 X) and the supernatant contains "relatively" 
pure Clq as assessed by SDS-PAGE and Coo- 
niassie staining. This is because, the Clq-INH 
which remains associated with Clq up to this 
stage stains very poorly with Coomassie and 
therefore gives the impression that the Clq is 
devoid of other molecules. The Clq-INH is 
separated from Clq by passage over a Con A 
Sepharose 4B column which is equilibrated 
with lOmM Verona! buffer pH 8.0 containing 
0.5M NaCl, ImM CaCh, ImM MgCl. and 
0.02% NaN3. The Clq-INH passes unadsorb- 
ed to the column whereas the Clq which is 
bound to the column, is eluted with 10% mc- 
thyl-cy-D-mannopyranoside (Sigma) in equili- 
bration buffer (Fig. I). 

Assay for Clq-INH 

Fractions containing Clq INH can be identi- 
fied by cither single'' or double** radial diffu- 
sion in agarose**' using a 1% agarose matrix in 
isotonic phosphate-buffered saline pH 74 
containing 1.5% polyethylene glycol. After 24 
hr at room temp., a precipitin line develops 
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Fig. 1 : Dissociation of Clq INH from Clq. The final Clq preparation obtained by low ionic precipitations in the pres- 
ence of EDTA^ was applied to Con A-Sepharose 4B. The Clq INH passes through the column anadsorbcd whereas the 
bound Clq is eluted using a 10% solution of methyl-or-D-manopyranoside. 



when Clq interacts with Clq-INH. Alterna- 
tively, Clq-INH containing fractions can be 
identified by a hemolytic assay using Clq- 
depleted or deficient serum (Clq-D) as de- 
scribed^ Briefly, the sample containing Clq- 
INH is mixed with GVB (isotonic Veronal- 
buffered saline containing l.SmM CaCU and 
5mM MgCl2 and 0.1% gelatin) and 5-10 ng 
Clq in a final volume of 300 jxl GVB and then 
incubated for 30 min at 37 °C. Then, 10 yd 
ClqD serum and 200 |xl EA (1.5 x lOVml) are 
added and the samples incubated for an additi- 
onal 60 min at 37 °C. After incubation, the re- 
action mixture is stopped by addition of 1 ml 
cold GVB, centrifuged and hemoglobin releas- 
ed into the supernant measured spectrophoto- 
mctrically at 412 nm. The Clq-INH activity is 
calculated as the percent inhibition of Clq he- 
molytic activity"**^ and is illustrated in Table 1 . 
If complete Clq-deficient serum is not avail- 



able, Clq-depleted serum can be made by pas- 
sage of normal human serum containing 
lOmM EDTA over an IgG-Sepharose CL4B 
and the unbound material collected, concen- 
trated to original volume, and after reconstitu- 
tion with Ca^"^ and Mg^^ by addition of 20 ^1/ 
ml ClqD from a stock solution composed of 
0.3M CaCb and IM MgCli, used as ClqD re- 
agent^. 

Structural and Biochemical Features of 
ClqINH 

The Clq INH is a polydisperse, polyanionic 
macromolecule which was identified by Sil- 
vestri et al/ to be a chondroitin 4-sulfate pro- 
teoglycan and like many proteoglycans, docs 
not stain with either Coomassie blue or Ami- 
do black. However, Alcian blue, which has 
specificity for glycosaminoglycans, has been 
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Table 1 Inhibition of C1q hemolytic activity 
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lOjit of Cici INH was approximately 5 ng. Clq {10 ng) 
was incubated with increasing amounts of Clq INH 
{30 min, 37 °C) followed by additional incubation (60 
min, 37 °C) with 10 jil of CI q D serum and 200 pi EA 
(1.5 X loVml). After incubation, hemoglobin released 
into the supernatant was measured spectrophoto- 
-metricaIly-at-412.nm.-Th8 Clq IN H-activity-is calcula- 
ted as the percent inhibition of C1 q hemolytic activity. 
The results are the mean of two separate experiments 
run in duplicates. 
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used to stain chondroitin 4-sulfate proteogly- 
cans at an electrolyte concentration which 
minimizes staining of other negatively charged 
glycoproteins^^'*'. Typically, a staining solution 
containing 0.2% Alcian blue in 0.05M magne- 
sium chloride, 0.025 M sodium acetate, 50% 
v/v ethanol/ water is employed" especially 
when nitrocellulose paper strips containing 
electrotransferred proteoglycans are to be stain- 
ed. The strips are soaked in staining solution 
(30 min at room temperature) and destained 
(3 X 15 min) in the above buffer but without 
Alcian blue". 

A typical preparation of serum Clq INH con- 
tains about 22% uronic acid, 20% hexosami- 
ne, 12% sulfate and 9% protein^. Analysis of 
radiolabeled Clq INH by SDS-PAGE and au- 
toradiography reveals that it is a polydisperse 
macromolecule consisting of several molecular 
weight species ranging from 750 kDa (seen on 
5-15% gradient gels) to 21 kDa (Fig. 2). Un- 
like cartilage proteoglycans, the scrum Clq 
INH does not form a complex with hyaluronic 
acid and its glycosaminoglycan chains are de- 
void of chondroitin 6-su!fate isomers suggest- 
ing that the source of the scrum proteoglycan 
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Fig. 2: SDS-PAGE analysis of INH. The Cla 

INH was radiolabeled by the method of Bolton ana 
Hunter (as described in rcf. 3) and analyzed by 10% SDS- 
PAGE and autoradiography. 

is non-cartilaginous in nature"*. The source of 
Clq INH has not been identified, however, 
the fact that platelets and leukocytes produce 
fully sulfated chondroitin 4-sulfate makes it 
plausible to assume that part of the Clq INH 
is plasma is derived from these cells'^. In fact, it 
was assumed initially, that the plasma Clq 
INH was a membrane Clq receptor which 
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was shed off as the cells aged or released as new 

-rcccptors_werc_synthcsizcd^i!^ Subsequent. 

purification of the membrane Clq receptor re- 
vealed that proteoglycan was indeed associated 
or coeluted with the receptor as assessed by 
the presence of uronic acid and galactosaminc 
but lacked sensitivity to digestion with chon- 
droitinase ABC suggesting that it was not a 
chondroitin sulfate'**. 

Functions Associated with Clq INH 

(a) Effect on the complement system 

The Clq INH is capable not only of inhibiting 
the hemolytic activity of Clq but to a smaller 
degree, even of initiating' Cl activatiolT (un- 
published data). This indicated that the Clq 
INH might bind not only to the collagen re- 
gion of Clq which is physiologically occupied 
by Clr2 Clsi tetramer but also to the globular 



''heads'^ of Clq as well. Solid phase binding ex- 
_periments_performed wit h ''^I-C 1q INH a nd 
microtiter well immobilized ligands-Clq, Clq 
"^^/7" (cClq), and Clq ")be^tA" (gClq)-show- 
ed that the inhibitor is able to bind strongly to 
Clq, and gClq and only moderately to cClq. 
Although the binding was optimal at subphy- 
siologic ionic strengths (1 < 0.15), significant 
binding takes place even at physiologic ionic 
strength (Fig. 3). 

In order to identify the molecular weight spe- 
cies through which Clq INH bound to C 1 q or 
its major fragments, solid phase binding assay 
was performed as above, and the bound radio- 
activity eluted by boiling for 5 min in SDS^ 
PAGE sample buffer and then analyzed by 
SDS-PAGE and autoradiography. As shown in 
Figure 4, one prominent band with a molecu- 
lar weight of approximately 30 kDa and two 
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Fig. 3; Solid phase binding assay. Microliter wells were coated wiih 50 ^il of SO^ig/ml Clq or 50ng/ml gClq by incubating 
for 60 min at 37° C. After incubation, the wells were washed with TBST (20 niM Tris-HCl, pH 75, 150 mM NaCl, 0.05% 
Tween-20), '""''i Cla INH added and further incubated for 60 min at 37" C. The wells are then washed and bound radio- 
activity determinea. 
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Clq "A6'^iJ5"(gClq)-show- 
or is able to bind strongly to 
id only moderately to cClq. 
ling was optimal at subphy- 
ngths (I < 0.15), significant 
:e even at physiologic ionic 
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;s, solid phase binding assay 
above, and the bound radio- 
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boiling for 5 min in SDS- 
ffer and then analyzed by 
itoradiography. As shown in 
ninent band with a molecu- 
'oximately 30 kDa and two 
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1 q or 50 jig/ml gC 1 q by incubating 
^Cl, pH 7.5, 150 mM NaCl, 0.03% 
are then washed and bound radio- 
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l-ii;. 4: SIXS-PAf iK nriiily.sis (»f Clf.i-bound ''''I-CMfi INI I. Sol itl pfiu.si: bindinj; a.s.s.iy wa.s r>crft)rmt:(] iiMlcNurlbccl in iL-j^cmJ 
Hi I'l^urcl, and the bound radioactivity clutcd by addition of 50 jxl SIXS- l*A(;i*f sample buffer ami the clutcd solution 
analyzed by SDS-PACil' (10%) and uutt>radi()};raphy. Lane 1 is radioactivity bound to liSA whereas lanes 2 and ^ are those 
bound to Clq and j;Clq respectively. The pattern is repeated in lanes 4-6 under reducing; ccjndrtions. 



minor band.s with molecular weights of 28 
kDa and 21 kDa were noted. This is consistent 
with previous work from our laboratory''^ 
which showed that the major Clq binding 
activity could be isolated on HPL.C using TSK 
gel filtration column. Radiolabeling of this 
activity and analysis by SDS-PAGH and auto- 
radiography revealed this species to be compo- 
sed of a single chain with a molecular weight of 
approximately 30 kDa. This 30 kDa species 
probably represents the proteoglycan core 
protein although no experimental evidence is 



available to support this hypothesis. Recently, 
Krumdicck et al.'^' showed that decorin, a small 
collagen-binding dermatan sulfate proteogly- 
can bound Clq at physiologic ionic strength 
and pH. This binding occurred primarily 
through a 36 kDa core protein of decorin to 
both the collagenous domain and the globular 
''heads'' of Clq. Because the globular ''heads'* 
of Clq and the collagen ''tails" share a short 
sequence of amino acids these authors postu- 
lated the junction of these two regions to be 
the binding site for decorin^''. • 
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Fig. 5: Anticoagulant effects against fibrin gelation by the Clq INH. 

A : Concentration dependent inhibition of plasma fibrin gelation. To fresh citrated plasma from several donors, 207o v/v/ 
in phosphate buffer, pH 6.4, n = 0.19, 37* was added human thrombin to a final concentration of 0.2 U/ml. The turbidity, 
of the mixture was monitored in time at 35C nm and is shown as absorbancc XlOOO. Test inixiurci contained Ciq INH 
at the three different concentrations shown, in ^ig/ml, on the right of each graph. Some visible gel formed with the 20 and 
53 Clq INH/ml but no gel formed at 100 Mg/ml, even after 180 minutes (not shown). 

B: Effect on bat roxobin induced gelation of fibrinogen (1 \iWL) added to afibrinogcncmic plasma, 50% in buffer, 
pH 7.4, [1 = 0.15, 35°. A visible gel formed which was more readily dispersible relative to thecontroi gel. The Ciq INH 
concentration was 10 ^g/ml. 

C: Effect on the re-polymerization of fibrin monomer, final concentration 2,2 jiM/L, by three different concentrations 
of Clq INH (ng/ml) shown on the right of each test graph. To a 1.5 fiM/L fibrinogen solution, buffer as in B above, fibrin 
was added and allowed to polymerize in the presence or absence of the indicated Clq INH concentrations. 
D: Effect of chondroitinase treatment of Clq INH, .5 ^ig/ml, on its fibrin-directed anticoagulant property Shown are 
clot absorbance (350 nm) values, n = 2, calculated as % of maxima of clots formed in the absence of Cl q INH. Clots were 
formed with 1 ^M/L fibrinogen and thrombin, 0. 1 U/ml, pH 74. Control: untreated Clq INH. Treated: aliquot from the 
same Clq INH preparation, which had been digested with (0.1 U/ml) chondroitinase ABC, 37**, overnight. 



(b) Anticoagulant effect on fibrinogen 
i) Plasma studies 

In view of the evidence'^ that circulating pro- 
teoglycans found in certain clinical disorders 
possess anticoagulant properties against the 
thrombin/fibrinogen interaction, we examin- 



ed the possible effects of C 1 q INH on fibrino- 
gen coagulability. The thrombin clotting time 
(TCT), a standard plasma clotting assay, was 
initially employed. To neutralize possible ci- 
trate anticoagulant effects the thrombin soluti- 
on contained CaCla to achieve a 67 mM/L final 
concentration. In plasma Clq INH induced a 
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:cts of Clq INH on fibrino- 
rhe thrombin clotting time 

plasma clotting assay, was 
. To neutralize possible ci- 

effects the thrombin soluti- 
2 to achieve a 67 mM/L final 
>lasma Clq INH induced a 



concentration dependent prolongation of 
^TCT. For example, addition of C 1 q"INHlo"40^ 
|ig/ml prolonged the plasma TCT from the 
control of 6.4 s to 104.9 s (n = 3). When Clq 
INH was increased further to 100 Jig/ml the 
TCT was > 300 s (n = 5). Similar results emerg- 
ed when plasma clot turbidity was measured 
(Fig. 1 A). In reported clinical cases'^ the pro- 
teoglycans prolonged the TCT by impairing 
the thrombin activity but characteristically 
had no effect when plasma was clotted by use 
of batroxobin, a snake venom protease which 
cleaves peptide A from fibrinogen. In sharp 
contrast to such circulating proteoglycans, the 
~plasma"batroxobin~(or feptilase)"clotting time" 
was prolonged by Clq INH. A representative 
turbidimetric experiment is shown in Figure 
IB, where fibrinogen added to afibrinogene- 
mic plasma was clotted with batroxobin. The 
results showed delayed onset and decreased 
turbidity of the clot relative to control. 

In other experiments using amounts of Clq 
INH which permitted clot formation, the 
clots which formed were fully soluble in urea 
in sharp contrast to insoluble controls. This 
indicated that even when clots formed they 
were hot adequately crossliriked by factor 
Xllla. Since control experiments disclosed 
that Clq INH has no effect on the factor XIII a 
catalytic activity, the clot solubility suggested 
incomplete crosslink formation owing to ab- 
normal gel or polymer structure. In a different 
set of experiments, trace amounts of added ra- 
diolabeled fibrinogen was used to measure the 
amount of synerized clot following thrombin 
addition to plasma. Coagulable fibrinogen was 
decreased to ^20% of controls by progressi- 
vely increasing the Clq INH concentrations 
(not shown). 

ii) Isolated fibrinogen studies 

Prolongation of the TCT was also shown when 
fibrinogen solutions were clotted with throm- 
bin or batroxobin. Increased ionic strength, 
e. g. 0,28 mM, had no diminishing effect on the 
anticoagulant property of Clq INH. More- 



over, the anticoagulant effect was completely 
^bolisHed^hen Clq^INH was digested~with 
chondroitinase ABC (Fig. ID) indicating its 
intact carbohydrate structure was required for 
the anticoagulant effect. 

The possibility of contaminating Con A play- 
ing a role in the anticoagulant activity was ex- 
cluded by two sets of experiments. In the first 
set, crude Clq INH tested prior to exposure 
to Con A displayed the anticoagulant effecf 
(not shown). In the second set, a Clq INH 
isolate was exposed to solid phase anti-Con A 
IgG and tested before and after exposure by a 
turbi dimetr ic assay. The results disclosed no 
significant differences before and afteFexpo^ 
sure to anti-Con A antibody. 

A unique feature was the capacity of Cl q INH 
to inhibit the re-polymerization of solubilized 
fibrin monomer Here the key observation 
(Fig. IC) w^ that its inhibition could not be 
influenced by the presence of fibrinogen so 
long as Clq INH was in molar excess. That is 
to say, premixed fibrinogen and Clq INH so- 
lutions, with the latter in at least several fold 
molar excess, did not diminish the inhibitory 
capacity of Clq INH against fibrin polymeri- 
zation. This has implications On the mecha- 
nism of inhibition by Clq INH and is further 
considered in the discussion section. 

A series of binding investigations reported else- 
wiicrc are uneuy sunimanzeu here, ihese 
disclosed binding of radiolabeled Clq INH to 
fibrin clots formed in plasma and to micro- 
plate immobilized monomeric fibrinogen and 
fibrin. Moreover, cleaved fibrinopep tides were 
tightly bound by Clq INH. Consistent with 
this observation, Clq INH binding to the cen- 
tral or E fibrinogen domain was abolished 
when the fibrinopeptides had been cleaved, 
and this was demonstrated with isolated plas- 
mic fragment forms of this domain. Moreover, 
its binding to the outer domains, also shown 
by isolated fragment forms, appears to account 
for the observed binding to both monomeric 
fibrinogen and to fibrin. However, invariably 
higher amounts of Clq INH were bound by 
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fibrinogen than by monomeric fibrin, and this 
—can-be cxpiained by the lack of-binding to the- 
librin central domain (i.e. lacking its fibrino- 
peptides). 

Discussion 

The Clq INH, which is a chondroitin 4-sul- 
fate proteoglycan has the ability to interact 
with Clq. Although this interaction is enhanc- 
ed by low ionic strength conditions, significant 
binding does occur even at physiologic ionic 
strength conditions suggesting that a substan- 
tial interaction may occur at sites where both 
molecules are generated in free form. Such in- 
teraction may in turn generate complexes 
which may participate in an ongoing inflam- 
matory process by generating low level CI ac- 
tivation. In both SLE and RA there is evidence 
that the level of glycosaminoglycans such as 
chondroitin sulfates and heparan sulfates in- 
creases and may reflect disturbances in im- 
munorcgulation''. 

The mechanism of the Clq INH/fibrinogen 
interaction appears to involve two complimen- 
tary but presumably independent events. One 
event involves binding lo the fibrinopeptides 
whose susceptible Arg-Gly bonds are no lon- 
ger accessible to thrombin. Because cleaved 
peptides were always bound by Clq INH they 
could not be measured, but this conclusion is 
supported by experiments in which no radio- 
labeled Clq INH could be released by throm- 
bin from monomeric fibrinogen. Another 
event involves binding to the outer domain re- 
sulting in impaired polymerization of fibrin. 
The polymerization impairment appears to re- 
sult from steric hindrance, for fibrinogen still 
inhibits fibrin polymerization in the presence 
of Clq INH excess. Also, the two inhibitors, 
Clq INH and fibrinogen, display additive in- 
hibition against fibrin. In fact, the calculated 
slopes of inhibition of Clq INH in the pres- 
ence and absence of fibrinogen were complete- 
ly parallel (not shown); this indicated that: (a) 
fibrinogen was able to bind to fibrin E even 
though its D domain contained bound Clq 



INH, and (b) the site(s) of Clq INH binding 
—on fibrinogen D were other than those partici-- 
pating in polymerization. 

As to the Clq INH epitope(s) which interacts 
with fibrinogen our results imply two general 
characteristics. One is that the epitope(s) is 
clearly distinct from that interacting with Clq. 
This was indicated by the fact that pre- incuba- 
tion of Clq INH with Clq did not diminish 
its anticoagulant effcct.^Also, a polyclonal an- 
tibody which neutralized the Clq INH effect 
against Clq had no appreciable effect on its 
anticoagulant property. A second characteri- 
stic is implied b y the stoic hio metr y of the 
Clq INH/fibrinogen interaction. That is to 
say, when the molar Clq INH concentrations 
were less than those of fibrinogen appreciable 
anticoagulant effect could .still be demonstrated. 
This along with a clear binding to two different 
fibrinogen domains imphes that at^ least two 
epitopes on Clq INH are capable of interac- 
ting with fibrinogen. Moreover, when one was 
occupied with one fibrinogen molecule the 
second epitope was still able to interact with 
another fibrinogen molecuie. Additionally, 
abolition of the interaction by chodroitinase 
clearly implicates the carbohydrate structure 
of Clq INH. 

Evidence for the selectivity of the interaction 
in plasma can be marshalled from the plasma 
clot binding results, the plasma fibrinogen coa- 
gulability studies, and the comparative bind- 
ing in microplate assays showing Clq INH 
binds in higher amounts to Clq and to fibri- 
nogen than to albumin or IgG. The nature of 
the interaction is unclear. Neither calcium ex- 
cess nor high ionic strength (0.28, not shown) 
could diminish or enhance the anticoagulant 
effect. 
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_ Calreticulln is an abundant intraceUuiar protein which is involved- 
in a number of cellular functions. During cytomegalovirus 
infection, as well as iriflanunatory episodes in autoimmune 
disease, calreticulin can be released from cells and detected in the 
circulation, where it may act as an immunodominant autoantigen 
in diseases such as systemic lupus erythematosus. Calreticulin is 
known to bind to the molecules of innate inununity, such as Clq, 
the first subcomponent of complement. However, the functional 
implications of Clq-calreticuUn interactions are unknown. In 
the present study we sought to investigate, in greater detail, the 
interaction between these two proteins following the release of 
calreticulin from neutrophils upon stimulation. In order to 
pinpoint the regions of interaction » recombinant calreticulin and 



— its-discrete domains (N-,-P-and'C-domains) were'produoed'in 
Escherichia coli. Both the N- and P-domains of calreticulin were 
shown to bind to the globular head regions of Clq. Calreticulin 
also appeared to alter Clq-mediated inunune functions. Binding 
of calreticulin to Clq inhibited haemolysis of IgM-sensitized 
erythrocytes. Both the N- and P-domains of calreticulin were 
found to contain sites involved in the inhibition of Clq-induced 
haemolysis. Full-length calreticulin, and its N- and P-domains, 
were also able to reduce the Clq-dependent binding of immime 
complexes to neutrophils. We conclude that calreticulin, once 
released from neutrophils during inflammation* may not only 
induce an antigenic reaction, but, under defined conditions, may 
also interfere with Clq-n-scdiatcd infiammatory processes. 



INTROOUCnON 

Calreticulin is an autoantigen of clinical interest, because anti- 
bodies against it are found in many patients suffering from lupus 
disorders and Sjogren's syndrome [1,2}. Human calreiicuiih has 
been cloned and found to be 417 amino acids in length, with a 
calculated molecular mass of 60 kDa [3]. Calreticulin has been 
found in nearly all eukaryotic cell types with the exception of 
erythrocytes, at concentrations ranging from 20 to 500 /cg/g of 
tissue. The precise biological roles of calreticulin are still under 
discussion, but the protein, by virtue of its C-terminal KDEL 
sequence, is known to be found associated with the lumen of the 
endoplasmic reticulum (ER), where it is believed to funcdon as 
a high-capacity Ca«* storage and regulatory protdn [4]. In 
leucocytes, the ER is veiy poorly defined, and 'calreticulin-like* 
pr teins are present in discrete subcellular compartments other 
than the ER. For example, HL-60 cells possess a 60 kDa Ca*'- 
binding protein in 'caldosomes' with an N*terminal sequence 
that shares 93 % identity with calredculin over the first 1 5 amino 
acid residues (5], and calreticulin has also been identified 
in discrete secretory granules of cytolytic T-lymphocytes [6]. 
Calreticulin has also been detected at low levels in the plasma 
of n rmal individuals, probably originating from cells [7]. It is 
also overexpressed on the surface of lung fibroblasts in response 
to cytomegalovirus infection [8]. 

Several studies have indicated that calreticulin shares 50-^ °o 
amino acid identity with proteins found in the htunan parasites 
Onchocerca volvuius [9] and Schisiosoma mansonillO], which may 
help t explain why calreticulin is a urget f r autoinununity. 



What is less clear is whether, on its release from ceUs, calreticulin 
has a physiological/pathological role. In a previous study we 
showed that C 1 q, a subunit of the first component of complement 
(CI), which provides the initial trigger for the activation of the 
classical complement cascade, binds to cahreticulin [11]. Po- 
tentially, the association of calreticulin with Clq may interfere 
with complement activation. In classical pathway complement 
activation, the C-terminal globular head region of Clq binds to 
the CH, domains of inunune complex (IC)-fixed immunoglobulin 
(12]. When Clq-IC interactions are formed in vivo, the sub- 
components CIr and Cls become activated and initiate comp- 
lement activity. The cascade is regulated in part by CI inhibitor, 
which binds to activated CIr and Cls, thereby inactivating these 
enzymes, which become dissociated from C Iq-IC. In this process, 
complement is consumed during IC formation, which is reflected 
in patients with systemic lupus erythematosus (SLE), who have 
decreased complement levels (13]. Complement activation is an 
inflammatory process, but it is also involved in the prevention of 
formation of large insoluble ICs, which might cause tissue injury 
(14]. In SLE, it appears that both the prevention of antigen- 
antibody complexes and the consequent clearance of ICs at sites 
of deposition are impaired. 

Leucocytes contain a large intracellular store of calreticulin. In 
the present study we show that calreticulin is released from 
activated neutrophils, and thus has the potential to associate 
with serum proteins. Employing native and recombinant 
calreticulin, and the individual N-, P- and C-domains of this 
protein, we have attempted to locate the binding domain for 
Clq-calreticulin interactions and examine whether calreticulin 



Abbreviations used: ClqR. collectin receptor; DGVB**. isotonic Veronal buffered saline containing 0.1 mM CaClj. 0.5 mM MgClj. 0.1 % [vtN) gelatin 
and 1% (w/v) glucose: EA. sensitized sheep erythrocytes; ER endoplasmic reticulum: FMLP. lormylmelhionyl-leucyl-phenylalanine; HAGG, heat- 
aggregated human IgG: IC, immune complex: MBP, maltose-binding protein; PMA. phorbo! 12-myristate IS-acetate; SLE. systemic lupus 
erythematosus. 
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interferes with classical complement activati n, which is im- 
portant for IC s iubilization and clearance. In particular, the N- 
terminal porti n f calreticulin was found t (a) reduce Clq- 
dependent IC binding t neutrophils, and (b) interfere with C 1 q- 
dependent haem lysis f sensitized erythrocytes in a dose- 
dependent manner. These results suggest that the release of 
calreticulin from leucocytes during inflammation may impede 
some of the functions of the classical complement pathway that 
arc necessary for IG clearance. 

MATERIALS AND METHODS 
Anmwdln ami mgantt 

Affinity-purified rabbit antibodies against recombinant Human 
calreticulin expressed in the baculovirus system [15] and against 
synthetic peptides corresponding to N-terminal residues 7-28 
and the final C-terminal residues (399-^1 7) of human calreticulin 
were prepared as previously described [3]. Murine anti-(human 
Clq) was purchased from Quidel**, San Diego, CA, U.S.A. 
FITC-labelled rabbit and mouse anti-human IgG were obtained 
from Jackson Immuno- Research Laboratories (West Grove, PA, 
U.S.A.). Dulbecco*s PBS (with and without calcium and mag- 
nesium), formylmethionyl-leucyl-phenylalanine (FMLP) and 
phorbol 12-myristate 13-acetate (PMA) were purchased from 
Sigma Chemical Co. (St. Louis, MO, U.S.A.). The expression 
vector pMal-c2, amylose resin and Factor Xa protease were 
obtained from New England Biolabs (Beverley. MA, U.S.A.). 



Serum samples 

Blood samples were drawn by venepuncture from healthy con- 
senting adults in accordance with the Declaration of Helsinki of 
the World Medical Association. Serum was isolated from the 
blood by centrifugation. 



Isoiatfoa 8I8S preparethm of nsstropblis 

Human neutrophils were isolated from whole blood taken from 
normal donors by a one-step isolation procedure using Poly- 
morphprep*^ (Nycomed), as previously described [16]. The 
isolated cells ( > 95 % pure) were then suspended in PBS, pH 7 A, 
without calcium or magnesium, and maintained at 4 X. For the 
experiments requiring stimulated neutrophils, cells were pre- 
warmed to 37 ^ for 5 min before stimulation with either FMLP 
(0.1 /iM) or PMA (100 ng/ml) for 15 min. The cells were then 
washed and resuspended in the appropriate buffer. Neutrophils, 
before and after stimulation, were stained with Trypan Blue for 
10 min and then examined by light microscopy to monitor the 
integrity of the plasma membrane. 



PurBaaltoa of sittve C1(| and calratieBibi 

Haemolytically active Clq was isolated from human serum as 
described by Reid [17] and its purity assessed by SDS/PAGE on 
a 5-20% (w/v) polyacrylamide gel under reducing conditions. 
Clq was subjected to linear sucrose gradient centrifugation 
(5-31%), which confirmed the presence f a single n n- 
aggregated protein. As a precaution, Clq was oentrifuged at 4 **C 
at 14000 ^ for 1 ^ min immediately prior to use, to eliminate any 
aggregates which may have formed during st rage. Gl bular 
heads of C 1 q were prepared by digest! n of C 1 q with coUagenase 
purified from Achromobacter iophagus [18]. Similarly, collagen 
tails of Clq were prepared by digestion of Clq with pepsin [19]. 



The recombinant globular head of the B chain of Clq was 
produced as described [20]. Native calreticulin was purified using 
the published method [21]. 

Constrcctton of ptaamlds expressing dtfTerent tf oiralns of 
ealretlalln 

For the expression and isolation of recombinant proteins, a 
maltose-binding protein (M BP) fusion system was used consisting 
of the pMal-c2 plasmid [22]. This^expression vector encodes 
coli MBP followed by the Factor Xa cleavage site, a unique 
blunt*end Xmnl cloning site at the 5' end and an £^oRI site «t the 
3' end. For the purposes of this study, we expressed the protein 
in three domains: the N-terminal domain (N-domain; amin 
- — acids-l-l81),-the-proline-rich-domain (P-domain;-ainino-acids - ^ 
182-292) and the C-terminal domain (C-domain; amino acids 
293-417). The putative domain organization was based on the 
known intron/exon structure [4]. PCR was used to amplify open 
reading frames encoding full-length calreticulin and the N-, P- 
and C-domains. A 1.9 kb Sad fragment containing cDNA for 
human calreticulin was used as a template. The following six 
terminal primers were designed: FP-ND, 5' (jCCGTCGCCG- 
TCGCCCGGGGAGCCCGCCGTCTAC 3' (34-mer); RP-ND, 
5' CCCCCCAATTCCTATTCCAAGGAGCCGGA 3' (30- 
mer); FP-PD, 5' GGCTCCTTGGAACCCGGGGACGAT- i 
TGG 3' (27-mer); RP-PD, 5' CCCCCCGAATTCCTAGGCA- 1 
TAGATACTGGG 3' (30-msr): FP CD. 5' CCCAGTATCTA- ? 
TGCCCGGGTATGATAAC 3' (27-mer); RP-CD, 5' CCCCC- - 
CAGGAATTCTCTACAGCTCGTCCTTGGG 3' (33-mer). j 
The PCR products corresponding to full-length calreticulin and ] 
the N-, P- and C-domains (ND, PD and CD refer to N-, P- and j 
C-domains respectively) were cleaved with 5>mil and £roRi and i 
subcloned into the pMal-c2 vector restriction-digested with Xmnl 
and £coRI. The recombini^nt plasmids containing the N-, P- and 
C-domains of human calreticulin were designated pN-CRT, pP- 
CRT and pC-CRT respectively. 

Expresdoo and purificattOR of remnblnant proteins 

£. coli BL21 harbouring various constructs were grown in Luria 
broth containing ampicillin (50//g/ml) at 37 °C with vig rous 
aeration to an A^^ of 0.6. Isopropyl /^D-thiogalactoside (NOVA 
Biocheni) was added to a final concentration of 0.4 mM to 
induce the Pf^, promoter in the expres^on vector. The cells were 
shaken under these conditions for 3 h and harvested. Cells from 

1 litre of culture (3 g of cell pellet) were suspended in 50 nd of 
lysis buffer [20 mM Tris/HCI, pH 8.0, 500 mM NaO, 0.25% 
(v/v) Twecn 20, 1 mM EGTA, 1 mM EDTA and 5% (v/v) 
glycerol]. Lysozyme and PMSF (Sigma) were added t final 
concentrations of 100/fg/ml and 0.1 mM respectively. All sub- 
sequent steps of purification were carried out at 4 X. The cell 
suspension was incubated with lysis buffer over ice for 30 min 
and the lysate was then sonicated at 60 Hz for 30 s bursts with 
intervals of I min (15 cycles) to shear the bacterial chromosomal 
DNA. After centrifugation at 14000^ for 30 min at 4°C, the 
supernatant was collected and diluted 5-fold with column buffer 
[20 mM Tris/HCI, pH 8.0, 100 mM NaCl, 0,25% (v/v) Tween 
20, 1 mM EDTA and 5"o (v/v) glycerol], and loaded on to an 
amylose resin column (50 ml bed volume; New England Bi labs) 
equilibrated with the same c lumn buffer. The column was 
washed successively with 3 bed volumes f column buffer, 5 bed_ 
volumes of column buffer without Tween 20 and 5 bed v lumes 
of Fact r Xa buffer [20 mM Tris/HQ, pH 8.0, 100 mM NaQ, 

2 mM CaCI, and 5 % (v/v) glycerol]. The fusion protein, in each 
case, was eluted with 100 ml f Factor Xa buffer containing 
10 mM maltose. The peak fractions were pooled and Fact r Xa 
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(1 umt//tl; New England Bioiabs) was added (1 unit f Fact r 
Xa per 100 /ig of fusi n protein) t release the domains fr m the 
fusion partner, wherever required. 

IntDnKt lininunoHai>roscflnc6 . 

Neutrophils were incubated for 30 min with 0.1 fiM FMLP or 
100 ng/ml PMA in PBS. Then I x W cells in 10 /d aUquots were 
allowed to adhere to glass slides for 30 min at 37 X in a 
humidified atmosphere. Slides were washed extensively with PBS 
and fixed in 2% (v/v) paraformaldehyde for 1 h at 4 X. Ceils 
were washed and then incubated in a 1 : 20 dilution of preinmiune 
serum or anti-calreticulin antibodies for 1 h. The secondary 
antibody (1:50 dilution) was added (anti-rabbit IgG (Fab)', 
conjugated td~rhodamine; Tago~Immunologicals, Burlingame;^ 
CA, U.S.A.]. Following a 1 h incubation, the slides were mounted 
in Cytoseal 60 mounting medium (Stephens Scientific, Riverdale, 
NJ, U.S.A.). The cells were examined using a Nikon inverted 
microscope Diaphot TMP employing epifluorescence microscopy 
under oil inmiersion at 1000 x magnification. A Nikon N6000 
camera containing Kodak Tri-X pan 400 ASA black-and-white 
film was used to photograph the rhodamine-stained cells. 

Msmnramtnt of cstrotScufln larab by EUSA 

Cell suspension media from control and stimulated cells were 
collected by gently pelleting the cells at 325 g for ! min. The 
supernatant was spun at 16000^ for 20 min to remove any 
particulate matter, and then coated on to microtitre plate wells. 
BSA and calreticulin purified from Wil-2 cells ( 1 50 ng/well) were 
used as negative and positive control proteins respectively. All 
samples were prepared in sodium carbonate buffer (pH 9.6) at 
the required concentration and allowed to bind to the wells for 
14 h at 4 X. Preimmune rabbit IgG acted as a non-specific 
immunoglobuiin. Plates were washed in PBS/TwccQ 20 and non- 
specific binding sites were blocked with 5% (w/v) fat-free 
milk/100 mM glycine. Immunoaffinity-purified anti-calreticulin 
antibody (1:200 dilution) was added to each well for 1 h at 
37 X, followed by horseradish peroxidase-conjugated anti-rabbit 
polyclonal IgG (1:1000 dilution). 3,3',5.5'-TetramethyI benzi- 
dine-peroxidase substrate was added to each well and the colour 
was allowed to develop for 20 min. The reaction was terminated 
by adding 150 ;tl of 2 M H,SO^ and the of the plate was read. 

Anay of ClQ^apondtat liaoroofvA 

Clq-deficient serum (Sigma) was diluted 1 :40 times in DGVB^^ 
[isotonic Veronal buffered saHne containing 0.1 mM CaCl,, 
0.5 mM MgCI,, 0. 1 % (w/v) gelaUn and I % (w/v) glucose], and 
various concentrations of purified Clq were added in a final 
volume of 100 /il prior to incubation at 37 X for I h. Clq 
haemolytic assays were performed by adding 100 /il of sensitized 
sheep erythrocytes (£A) (10' cells) in DGVB^^ and incubating 
for a further I h. The reaction was stopped by transferring the 
tubes to an ice bath and adding 0.6 ml of ice-cold DGVB^'. The 
unlysed cells were pelleted by centrifugation and the values 

f 100 /d aliquots of supernatant were read to monitor hae- 
mogl bin release. The amount of Clq required to cause 75-^85 % 
haemolysis was determined. 

Various samples for assay f C 1 q-dependent haemolysis were 
prepared as follows. Highly purified Clq (3>rg) was added t 
various concentrations of ne'lve or recombinant calreticulin r 
its domains ((M/<g) in a final volume flOO/il fDGVB^^and 
incubated at 37 X for 60 min. T each sample was added 100 /t\ 

f EA (10' cells in total), f llowed by incubati n at 37 X f r an 
additional I h. The unlysed cells were pelleted and the amount f 



haemogl bin released was determined spectrophot metrically at 
412 nm. T tal haem lysis was the am unt f haemoglobin 
released up n cell lysis with water. Clq-dependent haemolytic 
activity was expressed as a percentage f total haemolysis. E. coli 
MBP was used as a control protein. 

esndlns bsst^^stsd ftsmsn fsG {HAOG} ts r.^iSn$^ is 
ttto pmenco of Clq am! calrettadn 

IgG was isolated from human serum as described previously [23]. 
Purified IgG (18-20 mg/ml) in water was heated to 63 X for 
30 min. The immunoglobulin was centrifuged at 14000^ for 
20 min to remove insoluble precipitates. The HAGG was then 
adjusted to a concentration of 10 mg/ml and stored at 4 X. Clq 
^(30>g7nnJ) was incubated with~ahd wi 
its domains for I h at 37 X, and then incubated again with 
HAGG at a final concentration of 50 /eg/ml for an additional 1 h 
at 37 X. Aliquots (100 ^1) of the various preparations were then 
incubated with 5x lO' neutrophils in PBS for 30 min at 4X. 
AAer washing, the binding of HAGG, HAGG-Clq and HAGG- 
Clq-calreticulin preparations to neutrophils was determined by 
incubating the cells with rabbit anti-human IgG (1 :50 dilution) 
followed by goat anti-rabbit FITC-conjugated antibody (1:50 
dilution). Analysis was performed on 5000 cells by flow cytometry 
employing Lysis II software version 1.1 (Becton Dickinson) and 
the mean fluorescence intensity was presented. 

RESULTS 

Rofeaso of calretteulln fnrni acttvated nsutroptdli and detection In 
eenrni 

To study the release of calreticulin from activated neutrophils, 
cells were stimulated with 0.1 ^M FMLP or 100 ng/ml PMA or 
left untreated for 15 min at 37 X. Anti-calreticulin antibody 
against the full-length protein was used to detect extracellular 
release of calreticulin into the culture medium from stimulated 
neutrophils from seven normal subjects. ELISA revealed the 
presence of calreticulin in different amounts (Figure 1, part i). 
The concentration of calreticulin detected in the extracellular 
media from 1x10^ non-stimulated and PMA-stimulated cells 
incubated at 37 X ranged between 1 and 4 ng, but a 2-3-fold 
increase was observed after stimulation with FMLP, with values 
ranging between 2 and 12ng/10' cells (« = 7, P<0.05). To 
investigate further whether the stimulation by FMLP resulted in 
the release of calreticulin into the medium, immunofluorescence 
microscopy was used. Cells (107ml) in PBS from healthy donors 
were stimulated under the same conditions, then probed with 
anti-calreticulin and goat anti-rabbit antisera conjugated to 
rhodamine to analyse calreticulin surface localization and ex- 
pression in non-permeabili2ed neutrophils. As shown in Figure 
I , part (ii) (panels A and C). non-stimulated and PMA-stimulated 
cells showed evidence of surface staining with anti-calreticulin 
antibodies. However, a striking difference was observed for 
FMLP-stimulated cells (Figure 1 , part ii, panel B) ; the calreticulin 
staining on these cells, as well as being evident on or near the 
surface, was also present extracellulariy. As a control for non- 
specific staining, neutrophils were stimulated in a similar fashion 
and probed with rabbit preinmiune antiserum, which resulted in 
very I w levels of flu rescenoe (results n t sh wn). 

In rdert determineif signif cant levels of calreticulin could- 
be detected in the sera f healthy subjects, calreticulin was 
measured in 23 contr I sera. As expected, only a small number f 
sera samples had measurable levels of calreticulin, with a mean 
value f 1.94 /eg/ml, whereas in the overall maj rity of samples 
( 18 out f 23), calreticulin was not detected. The Clq levels in the 
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Lanes 1 and 6 contain the molecular mass standards shown (kOa). Lane 5 contains purilied 
lull-length calreticulin fused to MBP^Unes 2-4 contain the N^-P- and Wo™^^ 
0) calreticulin fused to MBP. after purification from an amylose resin column. All the samples 
were run on SDS/PAGE (10% (w/v) gelj atfer reduction of the disulphide bonds. 



tha N-termlnal batf of calraticaifai 

Microtitre wells were coated with 0.25. 1.0 or 4.0 /iq of full-length calreticulin or its N-. P- or 
C-domains. MBP and BSA were used as control proteini After washing three times and 
blocking with milk/PBS. 125 ng- of C1q (50 //I) was added to each well in the presence of 
normal or hall physiological salt concentrations tor 2 h at 37 °C. After additional washing. 

- ,^kk;» f*-tn\ M .cnnn 

• nil iBuuit aiiii-\i(uiiw)M uiif/ !• .i^uUv 

dilution), followed by anti-rabbit IgG (1:4000 dilution) conjugated to horseradisfi peroxidase, 
each for 1 h at 37 "C. The ELISA plates were then developed and A^^ readings taken. Results 
are means ± S O. of three experiments 



Amount of calreticulin or 
domain added/well (//g) 



Binding (^^^ units) 



Nahve CRT N-ooi- jin 



P-domain 



Cdomain 



Ilr'.' ■ 



Id'-* 



F^rel Release of calrttMa fnnn sttmBlatid^ 

Pari (I): ELISA analysts of calreticulin released into the cell suspension buffer from non- 
stimulated and stimulated neutrophils from seven normal donors. Neutropfiils (10^/100 //I) 
were incubated with PBS. 0.1 //M FMLP or 100 ng/ml PMA for 15 min at 37 X. The cells 
were pelleted at low speed and the cell suspenston media were assayed tor calreticulin (CRT) 
by a standard ELISA method. The was read and the aruRjnl of calreticulin calculated from 
a standard curve obtained with purified calrettcultn. Part (ii): indirect immurtotiuoiescence of 
calreticulin localization in neutrophils under non-stimulated (A). FMLP-stimulated (B) and PMA- 
stimulated (C) conditions. Magnification approx. x 1500. 



same subjects were also measured and were found lo be normal 
(56.4± l4.9/,g/ml: mean + S.D.). 



int proitalion of luiiMn cairattenlin and Hs various 
lnf.co«r 

Human calreticulin was expressed as three distinct domains. The 
expression and purification of each fusion protein containing £. 
ro// MBP was performed as described previously [24]. Calreticulin 
migrated with an apparent molecular mass of 60 kDa on SDS/ 
PAGE, although the predicted molecular mass is 46 kDa. The 
MBP-<;alreticulin fusion protein also migrated with the same 
an mal us m bility as a maj r band of 97 kDa (Figure 2, lane 
5). The three d mains f calreticulin, P- and C- ( Figure 2, 
lanes 2-4 respectively), f ;>redicted m lecular masses f 20. 16 
and 16 kDa respectively, migrated as bands of approx. 60 kDa 
when fused to MAP (42 kDa). The fulMcngth recombinant 
protein and the three d mains reacted with polycl nal rabbit 
anti-(human calreticulin) antiserum in Western bl t analysis 



Half physiological salt concentration 

4.0 0 89 ±023 0.95± 0 22 0.43 + 0.16 0.25 ±0.12 

10 078 + 0.35 0.44 + 0.09 0.16 + 0.03 0.12 ±0.09 

0.25 043±0.20 024 + 0.24 0.15 + 0.18 0.19±0.22 

Physiological sail concentration 

40 0 23 + 014 0 37 + 014 0.07 + 0.03 0 04 + 0.04 

10 007 + 006 0.17 + 006 0.03 + 005 0.02 + 0.06 

0.25 0 07 + 0.06 0.05 + 0.06 0.01 ±0.06 0.02 + 0.09 



(results not shown). MBP alone did not react with anti- 
calreticulin antiserum. 



MemiRcatlon of the region of calretlnilln tbat biinfs to Glq 

As calreticulin is known to bind lo Clq, it was fell important i 
localize further the region of calreticulin that binds to Clq. 
Therefore various amounts of the N-, P- and C-domains of 
calreticulin (4. I and 0.250 /ig) were bound on ELISA plates 
overnight. A polyclonal antibody against calreticulin was used to 
confirm the binding f each recombinant domain lo the wells in 
a dose-dependent manner. TSe domains were then incubated 
with 125 ng of native Clq in PBS or half-strength PBS f r 2 h at 
37 **C, foil wed by probing with rabbit anti-(human Clq) anti- 
body (1 :3000 dilution) and anti-rabbit antiserum conjugated to 
horseradish peroxidase. As shown in Table I, Clq bound 
pred minantly to the N-domatn of calreticulin under physi - 
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Mtcfotitre wells were coated with 0.25. 1.0 or 4.0 /tg ol Clq. the collagen tails of Clq. the 
globular heads ot C1q or the recombinant globular head of the B chain of Clq (ghB). After 
washing three times and blocking with 1 % (w/v) milk/glyclne/PBS, 0.5 fiQ of native calreticutin 
was added to each well and incubated in normal and half-strength PBS for 2 h at 37 °C. After 
addlttonal washing, calredculin binding was determined by probing with rabbit anti-(hiiman 
calr^iculin) (1 :4000 dilution. 2 h. 37 "^C) and then analysed by EUSA and A^^ values 
measured. Results are means ± S.O. of triplicate experiments. M6P acted as a negaUve control 
protein. 



Amount of Clq or 
fragments added/well (//g) 



Binding units) 



Native C1q Clq tails Clq heads ghB 



MBP 



Half physiological salt concentration 

— ^4.0 V.84 ±0.34-0.08±0.09 0.23 ± 0.30 0.48 ±0.09 0.08 ±0.01 

1.0 1.55±0.3O at0±0.03 a20±0.01 0.37±0.04 o.oa±o.oi 

0.25 0.62 ± 0.02 0.06 ± 0.03 0.06 ± 0.03 0.31 ± 0.01 0.08 ± 0.02 

Physiological salt concentration 
4.0 1 ,1 5 ± 0.06 0.08 ± 0.01 0.43 ± 0.16 0.26 ± 0.1 2 0.06 ± 0.03 

1.0 0.65 ±0.06 0.0B±0.01 0.16±0.03 0.12± 0.09 0.07 ±0.02 

0.25 0.29 ± 0,09 0.07 ±0.00 0.15±0.18 0.19±0.22 0.09±0.08 



logical salt conditions. When less stringent salt conditions were 
employed. Clq binding to the N-domain was enhanced, and even 
weak binding to the P- and C-domains was observed. 

Mentnication of tba region of Clq tfut binds to calroUeoUn 

To identify the region of Clq that binds to calreticuiin, a range 
of concentrations of whole Clq, the collagen-like tail region and 
the globular head region of Clq, as well as the recombinant 
globular head B chain region of Clq (U. Kishore, P. Eggieton 
and K. B. M. Reid, unpublished work), were immobilized on the 
surface of ELISA plates. A rabbit anti-(human Clq) polyclonal 
antibody was used to confinn that the Clq fragments had bound 
to the plates in a dose-dependent manner. Calreticuiin bound 
roost strongly, and in a dose-dependent manner, to whole Clq 
and the globular head region of Clq, in particular the globular 
head B chain region (Table 2). This binding was enhanced at half 
i nic strength. Calreticuiin bound very weakly to the collagenous 
tail region of Clq. Clq plays an important role in the prevention 
f the formation of IC and in the opsonization and clearance of 
any IC formed. The globular head region of Clq is important for 
binding to the Fc region of immunoglobulins. These results 
strongly suggest that cahreticulin binding to Clq may interfere 
with Clq-mediated functions involving the globular head region. 
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Activation of the classical pathway of complement is brought 
about by the binding of the globular head regions of Clq to the 
portions of antibody IgM or IgG in the IC In view of the 
interaction between calreticuiin and the Clq globular head 
region, a Clq-dependent haemolytic assay was used to study the 
effect of calreticuiin on complement activation. The assay of 
Clq-dependent haemolysis requires Clq to be added back to 
Clq-deficient serum in order to reconstitute the CI complex. In - 
Uie present study, Uie addition- of Clq (IS /tg/ml) back to Clq- 
deficient scrum was sufficient to lyse 70-n80% of EA. This 
concentration of Clq was then chosen as the standard in a series 
of studies to determine whether Clq-calreticulin binding results 
in inhibiti n of Clq-dependent haem lysis. InitiaUy, various 



Native CRT 
Recom. CRT 




Protein Uig/ml) 



MBP N-domain 
MBPP-domain 
MBP C-domain 
Free N-domain 
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Protein (^g/ml) 
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(A) Olff^nt concentrations of native or reomittinant (recom.) calreticutln (CRT) woe added to 
a 1 :40 dilution of C1(Hleticiem serum tOQetfier with subopUmal amounts of Clq. and irtcubsted 
tori t) at 37 °C. TIten 1 X 1 0^ EA in too ;ii were added and incutated (or an additional 1 h 
at 37 *^ Ttie non-lysed cells were pellM and ttw values of tin supematams were 
measured, m percentaoe lysis was determined relative to compt^ (10^^^ 
Intiibitton of the C1(Hlependent lysis of EA by the N- and P-ilmnains (tf calreticuiin. 
Recombinant N-. P- and Contains were employed in the assay described above. The means 
of three to six experiments are presented (or each protein or domain. 



concentrations of native calreticuiin, as well as recombinant N-, 
P- and C-domains, at concentrations ranging from 0.125 to 
40 /ig/ml were incubated witii 15 /cg/ml Clq for 60 min at 37 X 
before addition of the mixtures to EA. The addition of 2-5 /ig/ml 
native, full-length recombinant caheticulin or N-domain lowered 
tiie haemolytic activity f Clq from 70-^0% to bdow 20% 
(Figure 3A). A similar result was obtained when 10/tg/ml N- or 
P-domain was used instead of native cah^ticulin (Figure 3B). 
The C-domain f calreticuiin had n fleet n Clq-dependent 
haemolytic activity. N rmal serum (diluted 1:20) and Clq- 
deficient serum containing no Clq r calreticuiin were used as 
contr Is. The Clq-dependent haemolytic activity f normal 
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Clq (30 /fg/ml) ivas tatated witti calreticulin one of tts three tuncUonal domains, or with 
MBP alone. 1 h at 37 °C. Then 50 ;tg of HAGG nas added toilowed by incubation with the 
various ClQ-ca!re&ulin prepsraUons for a furth^ 1 h st 37 't. as described in the Materials 
and methods section. (Jl^ HAGG binding atone (filled) or after incubation with Clq (open). 
(B)-(E) HAGG-Clq binding (tilled) and decrease in HAGG-Clq binding in the presence of 
calreticulin (open): (B) full-length calr^in. (0 N^omatn. (0) P-dvnatn. (E) 06aam. MBP 
alone had no effect on Clq-enhanoed HAGG binding. The mean ftuoresoenoe intensities ol 
control cells probed with primary antibody atone or with both primary and secondary antibodies 
were < 6 and < 60 respectively. 



serum without the addition of calreticulin or additional Clq 
produced between 78 and %S\ EA haemolysis, while Clq* 
deficient serum not supplemented with Clq or calreticulin 
resulted in only 18 "o haemolysis. 



OKI of caMkA M Mrtog Of HMB to o«^^ 

Clq is known to enhance IC binding and uptake by neutrophils 
[25]. In the present study* preincubation of 50 ftg of HAGG with 
30 /ig of Clq led to an increase in HAGG binding to the cell 
surface (Figure 4A)« increasing the mean fluorescence intensity 
from 158 to 293. As shown in Figures 4(BH(DK when pre- 
incubated with native cahcticulin or its N* r P-domain, the 
Ctq-mediated binding of HAGG t cells was impaired to various 
de^ees, with the mean fluorescence intensity decnsased from a 
value of 293 to values of 222, 197 and 132 respectivdy. The Clq- 
independent binding f HAGG via Fcreocpt rs was not affected 
by preincubation with calreticulin or its domains. The C-d main 
of calreticulin (Figure 4E) did not impair the Clq-dependent 



enhancement of HAGG binding to neutrophils. MBP was used 
as a control protein and had no effect on HAGG binding. 

DISCUSSION 

Calreticulin was first purified over 20 years ago [26], but the 
precise functions of this protein are stilt unknown. It has been 
!mp!!Li.:ed as an imniuncdominant antigen in autoimmune 
disease [3]. The protein has been localized to many intracellular 
and extracellular sites other than the ER, including the nuclear 
envelope [27], cytoplasmic granules [6], cell surface [8,28,29] and 
bloodstream [7,30]. The N-terminal amino acid sequence f one 
form of Clq receptor (ClqR; coUectin receptor) is identical t 
that of calreticulin. In addition to binding to C Iq, a Clq reoept r 
_has.been.proposedio.be involved in the clearance of ICs fr m the- 
circulation [31]. To date, it has been difiicult to differentiate 
between ClqR and calreticulin at the biochemical and molecular 
levels. Further evidence that calreticulin and ClqR are similar 
proteins comes from our previous study in which Clq was found 
to bind to native full-length calreticulin (1 1]. In the present study, 
we wished to further dissect the molecular interaction between 
Clq and calreticulin and to address some of the biol gical 
implications of such an interaction. We observed the presence f 
detectable levels of calreticulin in the serum of approx. 20% of 
healthy individuals. We also demonstrated that stimulati n f 
neutrophils, a major source of calreticulin, with FMLP can lead 
to the release of calreticulin w vitro. Calreticulin may be released 
from neutrophil minor granule stores. However, attempts to 
isolate calreticulin from the purified major primary and secondary 
granules of neutrophils have not been successful (1 1]. Alterna- 
tively, calreticulin may be released upon perturbation of the 
plasma membrane during cell activation. Stendahl and co- 
workers [32] have shown that calreticulin and the Ca'* storage 
marker, a Ca^'-dependent ATPase, ooth become concentrated in 
the filamentous actin-rich cytoplasmic area around ingested 
particles during neutrophil activation. This could be a means of 
calreticulin release by the cells during active phagocytosis f ICs 
or bacteria. Alternatively, FMLP is known to activate the rapid 
release of Ca*^ from intracellular stores and to induce 
degranulation of a number of secretory, vesicles, which may 
account for the release of calreticulin into the extracellular 
environment. Moreover, recent evidence from Rosen and co- 
workers [33] concerning the morphological sequence of ap ptosis 
has shown that many autoantigen clusters originating fr m the 
ER are contained within small blebs which are translocated to 
the cell surface. Calreticulin is believed to be present in these 
blebs, together with other autoantigens including Ro, La and 
nucleosomal DNA [33a]. The small particulate extracellular 
matter observed in the FMLP-treated neutrophils in the present 
study stained strongly for calreticulin, consistent with this 
mechanism of autoantigen translocation. 

A functional interaction between calreticulin and proteins 
involved in vascular homoeosusis has been examined previously. 
Calreticulin has been identified as an anti-thrombotic agent 
which binds to vitamin K^ependent coagulation factors, stimu- 
lates cndotheUal nitric oxide production and limits thrombosis in 
coronary arteries [30]. In order to study the interaction between 
calreticulin and the serum component Clq, the N-, P- and C- 
domains f calreticuUn were expressed in £. colL The first 
domain, which consists of the.N-terminal half f the molecttle, 
contains eight anti-parallel /^-s'xands connected by protein loops. 
This domain is neutrally charged and has been f und to contain 
binding sites for a number f proteins, including the DNA- 
bindtng domain of steroid receptors and thea-subunit of integrins 
[34,35]. The central P-d main comprises a pr line-rich sequence 



Calreticulin binding to Clq inhibits C1q-mediated ^ni^ons 



which, according to hypothetical modelling analysis, may keep 
the N- and C-tenninal porti ns of them leculespatiaUy separate. 
The C-terminal regt n of the protein is highly acidic and 
negatively charged, and is thought t interact with blood clotting 
fact rs [30]. T test whether the binding of purified Clq t 
various domains of calreticulin is dependent upon ionic strength, 
some binding assays were performed under conditions of half- 
salt concentrations. Binding of Clq to the N-domain occurred 
under both physiological and half-salt conditions. However, 
binding of Clq to the P-domain only occurred imder the more 
artificial low-ionic-strength conditions. The hypothesis that 
calreticulin-Ciq complex-formation may be due to non-specific 
charge-<harge interactions is unlikely, since the preponderance 
f negatively charged residues in the C-domain of calreticulin 
mighty Imve^beeii^expected the_ 
Clq molecule; however, this is not the case. Having established 
the N- and P-domains of calreticulin as the sites for Clq 
interaction, we next examined which region of Clq binds to 
calreticulin. In ELISA, where native Clq, the collagen tail 
region, the native globular head region and the recombinant 
globular heads of Clq were immobilized, calreticulin bound 
most strongly to whole Clq and the globular heads of Clq. and 
insignificantly to the collagen tails. 

Plasma Clq is the major molecule involved in the initiation of 
the complement cascade classical pathway. The globular head 
regi n of Clq binds specifically to ICs, initiating and subse- 
quently amplifying the classical pathway of complement ac- 
tivation, and thereby preventing the formation of precipitating 
ICs in plasma. Thus the interaction of calreticulin with the 
globular heads of Clq probably interferes with mechanisms 
inv Iving complement activation. In order to investigate this 
possibility further, a series of in vitro studies was undertaken. 
That calreticulin was in fact blocking the Clq-4mmunoglobulin 
interaction was confirmed when both native and recombinant 
full-length calreticulin were shown to be potent inhibitors of 
Clq-dependent haemolytic activity. The region involved could 
be localized to the N-terminai half (N- and P-domains) of the 
calreticulin molecule. Although Clq binds predominantly to the 
N-domain of calreticulin, which is also the most autoantigenic 
d main ofthe protein [21], incubation ofClq with the N-domain 
did not interfere with autoantibody binding to calreticulin (U. 
Kishore, K. B. M. Reid and P. Eggleton. unpublished work). 
This suggests that the main autoantigenic site on calreticulin and 
the Clq binding site are different. 

The majority of circulating ICs are cleared by erythrocytes 
after binding to these cells via CR I receptors. However, once ICs 
begin to accumulate in other tissues, leucocyte migration to these 
sites of IC deposition can play a role in their phagocytosis and 
clearance. IC binding to neutrophils is enhanced in the presence 
of 30/«g/ml Clq [25]. This suggests that binding of ICs to 
neutrophils not only is mediated through Fc receptors present on 
these cells, but is also enhanced by Clq-binding proteins on the 
cell surface, of which there are several candidates [28,36-38]. A 
33 kDa Clq-binding protein, isolated from the plasma mem- 
branes of neutrophils [39], specifically binds to the globular head 
region of Clq and may function to enhance IC binding to 
neutrophils directly, or to enhance cross-linking of ICs to Fc 
receptors. Co-incubation of Clq with calreticulin partially pre- 
vented the enhanced binding fHAGGt neutrophils, mediated 
by C I q alone. These resulte suggest that calreticulin is capable of 
inhibiting the Clq-mediated Linding of aggregated IgG to 
neutrophils, but not HAGG binding directly. Surprisingly, intact 
calreticulin appeared less effective than either the N- or the P- 
d main in inhibiting Clq-dependent binding of HAGG to cells. 
As the C-d main contains the majority of the acidic residues 



found in the protein, the improved efficiency of the N- and P- 
domains in inhibiting tiie Clq-mediated bmding of HAGG to 
,cells may be due t eLmination of the negative charge contained 
within the C-domain of the whole calreticulin molecule. That 
ionic interactions may be influential for the calieticulin-Clq 
interaction was suggested by our observations that the binding of 
Clq to tiw ;*ull-length calreticulin as well as to the N-domain 
increased with decreasing ionic strength. To date, there have 
been no reports that calreticulin binds specifically to immuno- 
globulins or interferes with immunoglobulin-i»sdiated functions. 

Confirmation of calreticulin release into the serum comes from 
two sources: first, the direct demonstration of elevated levels of 
calreticulin in the sera of SLE patients and second, the presence 
of autoantibodies against the protein in such sera. Calreticulin 
^appears to interfere with the early phase of complement activation-^ 
by (a) decreasing IC Unding to leucocytes, and (b) inhibiting 
complement-dependent haemolysis. Such interactions with Clq 
could be of pathophysiological significance, whereby inhibition 
of complement activation may lead to a decrease in the efficient 
processing of ICs or the interactions of Clq with its various 
candidate receptors. Moreover, at sites in other tissues where ICs 
have accumulated, calreticulin may impede efficient IC binding 
and clearance by phagocytes recruited to the sites of inflam- 
mation. This is currently under investigation. 

We thank Dr. T.-S. Lieu (University of Texas) for supplying the native calreticulin. This 
work MS syppcrtetJ by Public H™!lh Service Gisnis GM-375S0 {K.S.Z.) and Ai- 
33130 (K. N.S.), Applied Imnfiune Sciences, Inc. (K.N.S.). the European Commission 
(U.K.) and the Medical Research Council (P.E., K.B.M.R.). 
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SUMMARY 

Following Us release from cells during infection and inflammation, calreticulin (CRT) can act as an 
autoantigen in diseases such as SLE. Why CRT is a target of protective immunity and whether it may 
interfere with innate immunity once released from cells during inflammation is unclear. In the present 
study, we found that CRT was detected more frequently in SLE sera and in higher amounts than found in 
control sera. Approximately 40% of SLE sera tested contained auioanii bodies against CRT as detected 
by ELISA and immunoblouing. CRT was found to be predominantly in the sera of SLE patients 
associated with immune complexes and Clq; and only bound to the surfaces of neutrophils in the 
presence of low levels of calcium and magnesium. In order to further investigate the Clq -CRT 
interaction, recombinant CRT and its discrete domains (N-. P-, and C-domains) were produced in 
Escherichia coli. CRT binds to globular head region of Clq primarily via its N- and P-domains. The 
N'domain was shown to be the most autoantigenic region of CRT, as the anti-CRT autoantibodies 
from most patietus reacted against this region. CRT also altered CI q-mcdiated immune functions. 
The P-domain of CRT bound to Clq and reduced the binding of immune complexes in SLE .sera to 
immobilized Clq. Full length CRT and its N- and P-domains were able to reduce the Clq-dependeni 
binding of immune complexes to neutrophils and solid-phase bound Clq. We conclude that CRT, 
once released from leucocytes during inflammation, may not only induce an antigenic reaction, but 
also interfere with Clq- mediated inflammatory processes. 

Keywords cab-eticulin Clq immune complexes systemic lupus erythematosus 



INTRODUCTION 

A prototypical event in SLE is the formation and deposition of 
large quantities of antigen-antibody complexes (immune com- 
plexes (IC)) within various tissues of the body [IJ. Once in the 
tissues, IC initiate inflammation through activation of the com- 
plement cascade pathway, which can ultimately lead to the tissue 
damage and disease manifestation. Complement activation nor- 
mally helps prevent IC-mediated tissue injury by keeping IC small, 
rather than allowing them to form a range of insoluble lattices [2]. 
In SLE, it appears that both the prevention of the formation of large 
antigen -antibody complexes and subsequent clearance of immune 
complexes at the site of deposition have been impaired. Com- 
plement plays a role in the clearance, and processing of IC in at 
least three ways: (i) by facilitating FcR-mediated phagocytosis of 

Correspondence: Dr K. B. M, Reid, MRC Immunochemisiry Unit. 
Departmcni of Biocheini.siry, University of Oxford, South Parks Koad. 
Oxford OX I 3QU, UK. 



iC; (ii) by inhibiting immune precipitation; and (iii) by mediating 
binding of IC to erythrocyte CRl, All these processes require 
activation of CI, the first component of the classical complement 
pathway. Initially the carboxy-terminal globular head region of the 
first subcomponent Clq binds to the CH2 domains of IC-fixed 
immunoglobulin [3]. Clq-IC are formed in vivo when the sub- 
components Clr and Cls become activated and initiate com- 
plement activity. TTie cascade is, in part, regulated by CI 
inhibitor which binds to activated Clr and Cls, thereby inactivat- 
ing these enzymes which become dissociated from the Clq-IC. In 
this process, complement is consumed during IC formation, which 
is reflected in patients with SLE who have decreased complement 
levels [4]. 

■ Recently, a 46-kD protein termed calreticulin (CRT), which 
runs aberrantly as a 60-kD protein on SDS-PAGE, has been 
proposed to be a new human rheumatic disease autoantigen [5]. 

Auioaniibodies against CRT arc found in many palicni.s suffering 
from lupus disorders and Sjogren's syndrome (6.7). CRT has been 
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isolalcd-from-many-eukcu^otic— c-ell-types-with-a-conGcntration- 
ranging from 20 lo 500/ig/g of tissue and is panicuiariy abundant 
in blood leucocytes. The precise function ot'CRT is still unknown, 
bui the protein, by virtue of its KDEL carboxy-terminal sequence, 
is found associated with the lunien of the endoplasmic reticulum 
(ER), where it is believed to function as a high capacity Ca^* 
storage and regulatory protein |8]. Several observations provide 
evidence that CRT can be the target of protective immunity. 
Homologues of CRT which show between 50% and 60% amino 
-acid identity to human CRT have been found in the human 
parasites Onchocerca votvulus \9] and Schistosoma mansoni flO], 
which may help explain why CRT is a target for autoimmunity. 
CRT is normally intracellular, but has been found expressed on the 
surface of lung fibroblasts, with enhanced surface expression in 
response-to-cytomegalovirus-infeetion-|"l-l-|"Galretieulin-is-also-a- 
putative cell surface lectin which is required for BI6 mouse 
melanoma cell spreading on laminin surfaces [I2|. CRT has also 
been detected in low levels in the plasma of normal individuals 
[13] and it has been shown to bind to Clq [14]. 

(t is now shown that higher concentrations of CRT levels were 
detected in SLE patient sera compared with control serum samples, 
IgG-specific autoantibodies to CRT were prevalent in 40% of SLE 
sera tested, and the antigenic domain of CRT is located towards the 
N-terminal region within amino acids I -181 . Examination of anli- 
CRT-CRT complexes showed that they were associated with Clq. 

NT'»«>*'A n^A »-<»o*^rMKt»>or»» *^rtrv»oIri»' (T^UT* iioo/l ft> iH<»t<»»Tm i n<» Mt 

1 Hill W< « WWUIIlL/IIJUtll. V»V^l*lUAli*1 UK m «ra V UdWU &U UbLbl ■■(■■•W »• 

CRT-Clq interaction competitively inhibits the binding between 
Clq and endogenous immune complexes present in SLE sera. The 
N and P domains of CRT, when associated with Clq, appeared to 
reduce the ability of IC to bind lo immobilized Clq and interfered 
with Clq-dependent IC binding to neutrophils. The.se results 
suggest that the release of CRT from leucocytes during inflamma- 
tion may impede some of the functions of thc classica! complement 
pathway important for IC clearance. 

PATIENTS AND METHODS 

Patient sera 

Sera from 24 patients whose diagnosis fulfilled four or more of the 
criteria of the American Association for Rheumatology ( 1 5J were 
used. Control sera were obtained from 24 healthy consenting 
adults. 

Antibodies and other reagents 

Affinity-purified rabbit antibodies raised against full length 
recombinant human CRT expressed in the baculovirus system [16] 
and against synthetic peptides (sp) corresponding to a sequence of 
residues located near the N-lerminus of CRT (sp7-28) and the final 
18 carboxy-terminal residues of human CRT (sp399-417), were 
prepared as previously described [17]. In addition, commercially 
prepared rabbit anti -human CRT was obtained from Affinity 
Bioreagents (Neshanic Station, NJ). Murine anti-human Clq was 
purchased from Quidel (San Diego, CA). Polyclonal anti-human 
Clq antisera were raised in rabbits by inoculating 3x50/ig 
purified human Clq by intramuscular injection emulsified with 
0*5 ml Freund's complete adjuvant in a total volume of 1 ml over 3 
-monthly intervals. "The "IgG fraction of Clq anti -serum was 
prepared by passing serum ilirough a Pharmacia protein A 
column from a 4-month post-immunization bleed. FITC-labeiled 
rabbit and mouse anii-humau IgG were obtained from Jackson 
Lmmuno-Research Labs (West Cir(>ve, PA). Dulbecco's PBS with 



~ ^and-wilhout-calGium-and-magnesium-was-purcha.sed From-Sigma- 

Chemical Co, (St Louis, MO). Tne expression vector (pMai-c2). 
a my lose resin and Factor Xa protease were obtained from New 
England Biolabs (Beverly, MA). 

Isohition and preparation of neutrophils 

Human neutrophils were i.solated from con.senting normal donors 
by a one-step isolation procedure using polymorphprep (Nycomed. 
Birmingham, UK), as previously described [18]. The isolated cells 
(>95% pure) were then suspended-in PBS-pH 7'4 without calcium - - 
or magnesium, and maintained at 4**C until u.se. The cells were then 
re suspended in the appropriate buffer. Isolated neutrophils were 
stained with trypan blue for lOmin and then examined by light 
microscopy to monitor the integrity of the plasma membrane of the 
eells-beforc-use; 

Purification of native Ciq and calreticuUn 
Haemolytically active Clq was isolated from human .serum as 
described by Reid [19] and found to be pure as assessed by the A-B 
chains together (upper band of - 25 kD) and C chain alone (lower 
band of — 23 kD) characteristic banding, as .seen on SDS-PAGE 
on a 12% (w/v) polyacrylamide gel under reducing conditions 
(Fig. I, right panel). Clq was subjected to linear sucrose gradient 
centrifugation (5-31%), which confirmed the presence of a single 
non-aggregated protein. As a precaution, immediately before u.se, 

• iH 'vwi I ( w^vw M% ^^xywsk mu« A ^ mill w «r i ma 1 1 tuui.^ UAl^ 

aggregates which may have formed during storage. Native CRT 
^ was pijrified employing the published method [20], and appeared 
on a 12% (w/v) SDS-PAGE gel as a 60-kD protein (Fig. I, left 
panel). Albumin (67 kD) co-purified with CRT and appeared as the 
only contaminant. 

Preparation of recombinant calreticuUn and its N-, P-, and 
C-domains 

For the expression and purification of recombinant proteins, a 
maltose binding protein (MBP) fusion system was used, consisting 
of pMal-c2 expression vector [211. The details of recombinant 
proteins are being published elsewhere 1221- Briefly, the DNA 
sequences encoding for the full length CRT and its three functional 
domains [23] were polymerase chain reaction (PCR)-amplified 
using terminal primers and a l-9kb Sad cut cDNA encoding 
human CRT as template. Various regions of the protein were 
expressed, fused in-frame with the MBP and "a Factor Xa protea.se 
site. The fusion proteins were purified on amylose resin columns, 
and cleaved to release the recombinant products with the expected 
N-tennini (as checked by protein sequencing). For the purpose of 
this study, we expressed human CRT in three domains ; N- 
terminal domain (N-domain), amino acids 1-180; proline-rich 
domain (P-domain), amino acids 181-290; and C-terminal 
domain (C-domain), amino acids 291-400. as well as. full length 
CRT fusion protein of approximate molecular mass of 92 kD 
(Fig. I, middle panel). 

Dot blotting of sera for calreticuUn 

A BioRad dot-blot apparatus was used to prepare nitrocellulose 
filters (Hybond-C: 0-4^; Amersham, Aylesbury. UK) loaded with 
- - i-/il-aliquots of sera from 24 SLE patients and 1 2 control subjects, 
together with purified CRT. Nitrocellulose fillers were then satu- 
rated with 2% w/v bovine .serum albumin (BSA) PBS containing 
0 05% v/v Twccn 20 (PBS-T). The dot biotiing anaiy.sis was 
performed using a 1:5000 diluiion of rabbit polyclotial anii-tmman 
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Fig. 1. Reduced SDS-PAGE (15%) of purified native (left box) and recombinant calreticulin maltose-binding fusion proteins (middle box) 
and native Clq (right box). 



CRT (Affinity Bioreagents) raised against the full length molecule. 
After extensive washing in PBS-T, goat anti-rabbit IgG conjugated 
to peroxidase (Sigma) was used as a second antibody at the same 
dilution. The dot blots were developed using horseradish per- 
oxidase luminescent visualization system for Western blotting 
(National Diagnostics, Atlanta, GA) and exposed to Fuji RX 
x-ray Htm for 12min. Control filters were prepared in an identical 
fashion, except the primary antibody was replaced with 1 :5000 of 
rabbit preimmune sera instead of anti-human CRT antisera. 

Measurement of calreticulin and Clq levels in SLE and control 
sera by ELISA 

For the detection of CRT and Clq levels. in sera, whole blood was 
collected from 24 healthy control blood donors and 24 SLE 
patients and the serum was collected. Quaduplicate sera samples 
were diluted 1:100 in sodium carbonate buffer (OOI5mol// 
Na2CO3/0'035mol// NaHCOj, pH 9-6) and 100-/il volumes 
placed in Nunc Polysorb 96-weli polystyrene plates. After incuba- 
tion overnight at 4°C, wells were washed three times with PBS-T. 
Unoccupied absorption sites in the wells and non-specific protein- 
protein binding sites were blocked by 2 h incubation at 37°C with a 
5% (w/v) fxjwdered non-fat milk containing 0*J mol// glycine, and 
plates were again washed three times with PBS-T. Plates were 
then probed with either immunoaffinity purified rabbit anti-human 
CRT (1:4000 dilution), rabbit anti-human Clq or rabbit pre- 
immune sera for I h at 37°C. The use of pre-inmiune sera acted 
as a control, to assess non-specific binding of the antibodies and 
other proteins in rabbit serum that react with human Clq and CRT. 
Plates were washed three times with PBS-T, 1(X)#*I of a perox- 
idase -conjugated goal IgG against human IgG (Sigma, Poole, UK) 

© 1997 Blackwcll Science Ltd. Clinical anJ Experimental Immimohgy, 108:181-190 



diluted 1:1000 with PBS-T containing 0-2% w/v gelatin were 
added to each well, and after i h at 37"C, the wells were washed 
three limes. Replicate wells containing sera samples were probed 
with second antibody alone to ensure non-specific antibody bind- 
ing to the sera proteins was minimal. A volume of 100 ^1 of 
3,3\5,5\-tetramethylbenzidine (TMB) in aqueous DMF mixed 
with 1/1 0th volume of hydrogen peroxide was added to each 
well. After incubation at room temperature for 20 min, the 
colour reaction was terminated by adding 150^1 of 2n H2SO4 to 
each well and read at 450 nm. To assess the levels of CRT and Clq 
in sera, purity of CRT and Clq was assessed by SDS-PAGE 
(Fig. 1). Then standard curves were constructed using the same 
human CRT and Clq preparations, which were added back to CRT- 
and Clq-deficient serum over a concentration range of I ^g/ml to 
002 /ig/ml in two-fold serial dilutions and delected by the ELISA 
procedure outlined above. 

Capture ELISA for antibodies to calreticulin 
A solid-phase indirect ELISA was used to detect calreticuiin- 
binding autoantibodies in the semm samples from 24 SLE patients 
and 24 controls. Briefly, Nunc microtitre plate wells were coated 
overnight with l(X)/iiywell of calreticulin or control antigens — 
BSA and mannan binding lectin (2-5 ^g/ml) in sodium carbonate 
buffer pH 9*6. Unoccupied absorption sites were blocked by 2 h 
incubation at 3TC with a 5% w/v powered miIk/gV^«,\wst feVocking 
solution and then the plates were washed three times with PBS-T. 
Serum samples were diluted 1:100 in -PBS-T pH 7-4 and 100-^*1 
volumes were then added to the microtitre wells in duplicate and 
incubated at 37'^C for 2 h. The wells were then washed and 
incubated with 100 fti of peroxidase-conjugated anti-human IgG 
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{ ] :5000; Sigma) forrhar37°CrAfler wash'i nglhTeeTimesTICK) /II' 
of TMB (BioRad) were added to each well, plates were incubated for 
20min at ZTC and the enzyme a'aciion was terminated by addition 
of I50mI of 2n H2SO4. Absorbance of wells was delermined at 
450 nm using a Titretec ELISA plate reader. Serum samples with a 
mean optical density (OD) value + 2 s.d. above the mean range of 24 
normal sera were considered positive for anti-CRT antiUxJies. In 
order to identify further the region of calrcticulin which was most 
antigenic, the P- and C-domains of CRT fused to MBP, together 
with native CRT and MBP alone control proteins," all at 2 5 ^g/ml 
sodium carbonate buffer, were coated in IOO-/il volumes ovemight at 
4**C on ELISA plates. The ELISA as performed above was repeated. 

Competitive inhibition ELISA assays were performed as 
described above with one exception. During the blocking buffer 
incubation step, human sera from SLE patients positive f6r~anli^ 
CRT antibodies were preincubated for 1 h at 37°C with concentra- 
tions of CRT ranging from 1 to 10 /ig/ml (final concentration) before 
their addition to the solid-phase CRT or control antigen plates. 

Western blot analysis of sera for anti-c alreticulin antibodies 
Immunoblot analysis was carried out to evaluate human CRT 
immunoreactivity and to confirm the positive and negative ELISA 
results. Briefly, purified human CRT was electrophoresed (5 /ig/lane) 
under reducing conditions on a 15 0% SDS-PAGE and electro- 
transferred to poiyvinylidene difiuoride (PVDF) membranes at 
0*8mA/cm" over 90min. Biots were blocked with 2 0% w/v 
BSA/PBS-T ovemight at 4**C. The strips were then incubated 
with control sera or SLE sera positive or negative for anti-CRT 
antibodies (as determined by ELISA) for 3 h at 37T. After 
washing, incubation with anti-human peroxidase-conjugated anti- 
sera (1:500 with 2% BSA/PBS-T) for 1 h at 3TC was performed. 
Development of the blot was achieved using horseradish per- 
oxidase luniinescenl visualization system for Western blotting 
(National Diagnostics) and visualized on x-ray film (Fuji RX-film). 

Detection of calreticuUn-CJq complexes by capture EUSA 
Nine SLE sera positive for antibodies against CRT were examined 
for Clq associated with the CRT. Rabbit affinity-purified anti- 
human CRT antisera (1:5(XX) dilution) were coated on duplicate 
wells ovemight and subsequently blocked with 5% (w/v) non-fat 
milk. Aliquots of SLE sera (lOO/il of 1:100 dilution) containing 
CRT were allowed to bind to the affinity-purified antisera for 2h at 
37^, followed by extensive washing in PBS-T. To compensate 
for non-specific binding of inmiune complexes or Clq present in 
the diluted SLE sera to bound immunoglobulin on the plate or to 
the plate itself^ replicate plates were coated with 1 :5000 dilutions 
of pre-immune rabbit IgG. The captured complexes were then 
probed with 1:50(X) dilution Fab^ monoclonal anti-Clq for 1 h at 
37°C, washed three times and then bound MoAb was delected with 
peroxidase-conjugated anti-mouse IgG and TMB as substrate. The 
OD reading of the paired control wells coated with pre-immune 
sera was subtracted from the test readings. 

Binding of circulating IC from SLE sera and heat-aggregated 
human IgG to human Clq ( WOng/well) in the presence and 
absence of the P- and C-domain of CRT 

Human Clq was coated on 96-well ELISA plates. Then either P- 
domain or C-domain of CRT (0-5 or 2-5^g/ml) together with 
control proteins were allowed to bind to solid-phase Clq for 2 h at 
37"C. Diluted test samples from six SLE sera and four control sera 
from laboratory personnel were added to the coated wells and 
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Clq-coaled wells. In addition, heat-aggregated human IgG 
(HACG) at a similar concentration was also allowed to bind to 
replicate wells. Following washing to remove unbound material, 
antibodies to human IgG labelled with horseradish peroxidase 
conjugate was added (1:5000 dilution) and colour developed 
using TMB as substrate. In control assays, antibody alone was 
added to immobilized C!q to ensure that the antisera were not 
directly binding to Clq. The intensity of the aosorbance at 450 nm 
above control levels was measured, which^appeared propi^rtibnal lo 
the amount of !C bound to the Clq in the presence and absence of 
P- and C-domain of CRT. The control protein. MBP, and the C- 
domain of CRT did not inhibit IC in SLE sera from binding to C 1 q. 

'Flow cytometric anarysis~of 'HAGG~biKding To neutrophils ItHhT 
presence of Clq and calreticulin 

IgG was isolated from human serum as described previously 1241. 
Purified IgG ( 1 8-20 mg/ml) in water was heated to 63°C for 30 min. 
The immunoglobulin was centrifuged at 14 000^ for 20 min to remove 
insoluble precipitates. The H ACjG was then adjusted to a concentration 
of 10 mg/ml and stored at 4'*C. C Iq (30 /ig/ml ) was incubated with and 
without CRT (5 /zg) and its domains for I h at 37°C, and then incubated 
again with HAGG at a final concentration of 50^g/ml for an additional 
1 h at 37*^C. Aliquots (lOO^I) of various preparations were then 
incubated with 5 x lO"'* neutrophils in PBS for 30 min at 4T. After 
washing, binding of KACJG, HAGO-Clq and HAGO-Clq-CRT 
preparations of proteins to neutrophils was delermined by incubating 
the cells with 1:50 dilution of rabbit anti-human IgG, followed by 1:50 
dilution of goat anti -rabbit FTTC conjugated antibody. Analysis was 
performed on 5000 cells by flow cytometry and the mean fluorescent 
intensity (MFO presented. As only a small percentage of IC binding to 
neutrophils is Clq-dependent, a double labelling approach was 
preferred to FTTC-HACKj direct labelling, in order 10 enhance the 
sensitivity of the assay to detect differences in HACK} binding. 

To assess if CRT may also bind directly to the surface of neutro- 
phils, a .series of experiments was conducted. The effects of calcium/ 
magnesium and temperature on CRT binding to the neutrophil cell 
surface were evaluated by incubating 5 /ig CRT in 1 00 /x I PBS with and 
without calcium and magnesium at 4°C and 37**C for 30 min. Sinfiilarly, 
increasing concentrations of CRT were mixed with 5 x 1 tf* neutro- 
phils, then washed, and bound CRT was detected by incubation with 
rabbit anti-human CRT polyclonal antibody at 4^C for 30 min and 
analysed by flow cytometry employing Lysis 11 software version I.I 
(Becton Dickinson, Oxford, UK). 

Statistical analysis 

Statistical differences between the binding of IC to Clq in the 
presence and absence of CRT and its domains and binding of 
antisera against CRT to CRT in the presence and absence of Clq 
were determined using Student's paired Mests. Statistical analysis 
of autoantibody and protein levels in control and SLE sera were 
performed using non-parametric methods of analysis. Results are 
expressed as median (range) values. Differences between groups were 
analysed by the Wilcoxon test (Statworks 1.2a) computer program. 

RESULTS 

Levels of calreticulin in SLE sera and detection of autoantibodies 
against CRT 

A semiquantitative .screen of 24 SLE sera and 12 control sera by 
dot blot analysis suggested that SLE sera had delectable amounts 
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Table I. Serum levels of calreiiculin (CRT) and Clq in control subjects and systemic lupus" 

erythematosus (SLE) patients 



Protein 



Clq 

Mean Clq (^g/ml) 
Range 

No. of subjects with no detectable Clq 



Control subjects 



56-4 ± 14*9 (/I = 24) 
25—80 ^g/n'ii 
0 



SLE patients 



38-5 ± 13-3 (n = 24) 
8-60/ig/nil 
0 



CRT 

Total no. subjects 

Mean CRT for all subjects 

Median CRT for all subjects 

-Range ^ 



No. of subjects with detectable CRT 
Mean CRT 
Median CRT 



n = 24 

0- 42/ig/ml 
0 00/ig/ml 

-0:0-4:0 Mg/mL 
5 

1- 94/ig/ml 
0-20^g/nnl 



n = 24 
4-44 ^g/ml 
0-20 ^ig/ml 
._0:0^l8/ig/ml_ 
12 

815Mg/ml 
2-80/ig/ml 



of CRT to a higher degree than 1 2 control sera (data not shown). In 
order to determine if CRT levels differed in the serum of healthy 
subjects and SLE patients, CRT was measured in 24 SLE sera and 
24 control sera by quantitative ELISA. As shown in Table I, the 
overall mean concentration CRT in 24 SLE sera was 4-44 ^tg/ml 
compared with 0 42 fig/ml for 24 control subjects. Twelve of the 24 
SLE sera tested were positive for CRT with a median concentration 
of 2-8 ;ig/nil (range 0-5-i8 /ig/ml). whilst only five control sera had 
detectable levels of CRT with a median of 0-2 /ig/ml (range 0- 1 - 
4*0;ig/ml). The Clq levels in both groups were also measured and 
the median values were found to be 40-5 /ig/ml (range 8-60 /ig/ml) 
and 64-5 /ig/ml (range 25-80 /ig/ml) in the SLE and control 
groups, respectively. 

As higher concentrations of CRT were found in some SLE sera, 
we sought to determine the level of autoantigenic response against 
the protein and also investigate if it was associated with the first 
component of complement-Clq in the clinical sera. An ELISA 
plate was coated with 250ng/well CRT. Sera from 24 SLE patients 
and 24 control subjects were screened for autoantibodies against 
these proteins. The median OD value for CRT autoantibodies in the 
SLE sera was 0-43 (range 0-20- 1-79) compared with no detection 
of autoantibodies in control sera (Fig. 2a). Nine SLE patients (40% 
of the total number studied) which showed a significantly higher 
autoantibody titre for CRT than the highest value observed in the 
control group (Fig. 2a) were selected for further studies. 

To confirm that the antibodies delected in the SLE sera which 
bound to solid-phase CRT were not simply the result of rheumatoid 
factors binding to the plate in a non-specific manner, a competitive 
ELISA was used in parallel experiments, where SLE sera were 
preincubated with free CRT (I /ig/ml) before addition to CRT- 
coated plates. The OD values of the SLE sera in the absence of free 
CRT were 1-41 ±0-27 (mean ± s.e.m.), but diminished to 
0 68 ± 0 09 (Fig. 2b), confirming that the antibodies were indeed 
recognizing CRT specifically. The mean OD of control sera never 
exceeded 016 ± 0 06. Further confirmation of anti-CRT-CRT 
interactions was achieved when two of the SLE sera shown by 
ELISA to be positive for autoantibodies against CRT were tested 
for reactivity with the purified 60-kD CRT protein band by 
Western blotting. Both anti -CRT-positive SLE sera reacted widi 
native calreticulin (Fig. 3), which confirmed that antibodies present 
in some SLE sera specifically recognized CRT. A control serum 
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sample from a healthy subject, as well a number of SLE sera from 
patients negative for anti-CRT antibodies, did not react with CRT 
present on the immunoblot, even after prolonged development of 
the blot. To establish if autoimmune complexes in sera from SLE 
patients contain both CRT and Clq, a capture ELISA was 
employed. ELiSA plates were coated with a l:50U0 dilution of 
anti -CRT antisera, and these were used to screen nine SLE patient 
sera positive for anti-CRT (diluted 1:100 with PBS) for IC 
containing CRT. To ensure that CRT:IC were binding specifically 
to anti -CRT antisera and not simply binding non-specifically to 
rheumatoid factors, polyclonal antisera to human MBL acted as a 
control capture immunoglobulin which was bound to a separate 
series of wells on the same ELISA piaie, io assess non-specific 
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Fig. 2, Binding of sera from SLE patients and healthy subject Io calreticulin 
(CRT) (a) and (b) competitive inhibition of anti -CRT antibodies in sera of 
patients with SLE selected from (a) from binding to immobilized CRT in 
the presence of free CRT. The presence of lOOng free CRT inhibited 
binding of CRT-immune coynplexes to anii-calreticulin bound to the plates 
in the capture ELISA. Solid bars represent the mean optical density (OO) of 
each test group. 
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Antigen: CRT (5 ng/lane) 

Probe: 1:100 dilution of human sera 

Detection rabbit anti-human 
antibody: IgG peroxidase 

Fig. 3. Immunoblot analysis of control and SLE patient sera reactivity with 
human purified calreticulin (CRT) run under reducing conditions on a 15% 
SDS-PAGE gel and transferred to a PVDF membrane. Anti-human IgG- 
peroxidase antibody was used to delect binding of anti-CRT antibodies to 
calreticulin, as described in Patients and Methods. 



binding of IC. The capture immune complexes were then probed 
with a 1:5000 dilution of monoclonal anti-Clq sera, which resulted 
in the detection of Clq associated with CRT:IC (Fig. 4). 

Determination of the antigenic binding sites on CRT recognized by 
anti-CRT antibodies present in SLE sera 

Sera from eight SLE patiehi.s identified as having anti-CRT 
antibodies were preincubated with fluid phase CRT over a con- 
centration range of l-IO^g/ml. As expected. CRT in the fluid 
phase competed for anti-CRT binding with the solid-phase bound 
material (Fig. 5a) in a dose-dependent maimer. Having confirmed 
the presence of autoantibodies against CRT, we sought to define 
the domain of CRT which is recognized by the CRT autoantibodies 
in SLE sera. To localize the antigenic region of CRT, native and 
various recombinant domains were immobilized and screened for 
reactivity with SLE sera from patients known to contain anti-CRT 
antibodies. Control sera from laboratory personnel did not react 
with any of the domains of CRT tested. All the positive SLE sera 
reacted predominantly against the N-domain of CRT (Fig 5b). 

Effect of calreticulin on the ability of iC to bind to Clq 
To investigate further if binding of CRT to C Iq interfered with IC- 
Clq interaction, a series of 96- well plates was coated with Clq 
and/or maltose binding protein. The N and P domains of CRT were 
identified as the region of the protein which bound to whole Clq. 
However, the P- and C-domains were selected for this study to 
avoid complications in interpreting IC binding to Clq, or auto- 
antibody binding to the N-domain of CRT, since the N-domain of 
CRT was also identified as the region of the protein that autoanti- 
bodies recognize. The P-domain was incubated with the immobi- 
lized Clq. TTicn, serum samples of SLE patients known to contain 
IC were added to the wells and allowed to bind for I h at 37°C. 
After washing, the ability of IC from six SLE sera to hind to Clq 
alone, or atier binding to P- and C-domain of CRT. was assessed by 
ELISA. The results presented in Fig. 6a show that binding of 0 5 tig 
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Positive SLE patient sera for 
immune compiexes with CRT 

Fig. 4. Association of Clq with calreticuhn (CRT) immune complexes in 
SLE sera as determined by capsure ELiS.-A. Diiuicu siisVipks of labbil anii- 
human anti-CRT antiserum ( 1 :5000 in sodium carbonate buffer pH 9-6) 
were coated on ELISA plate wells overnight at 4"*^. After washing, SLE 
sera positive for CRT were diluted l:I(K) and added to the wells. After 
further washing, the presence of Clq was determined by probing with 
l:5(XX) mouse anti-human Clq for Ih at 37°C. The plates were then 
developed by ELISA and Clq was found to be associated with CRT- 
immune complexes in the selected SLE sera containing anti -CRT-immune 
complexes. A similar numberof control sera were negative for C lq (optical 
density (OD) values <(H)2) associated with CRT. 



and 2*5 Aig P-domain of CRT inhibited IC binding to Clq (Fig, 6a) 
by approximately 50-70% in six patient sera. 

In order to confirm the apparent specificity of the Clq-P- 
domain interaction to interfere with IC binding to Clq, each 
domain was used at a range of concentrations to competitively 
inhibit HAGG binding to solid-phase bound Clq. Figure 6b shows 
the degree of binding by HAGG to Clq in the presence or absence 
of N-, P-. and C-domain of CRT. The N-domain al the highest 
concentration tested (2-5^g/ml) inhibited binding of HAGG to 
Clq by approximately 50%, and the P-domain showed a similar 
degree of inhibition. The C-domain as well as MBP had no effect 
on HAGG binding to Clq. These data suggest that CRT and, in 
particular, the P-domain may bind to Clq and interfere with Clq- 
IC binding. 

Ejfect of CRT on HAGG binding to neutrophils 
Clq is known to enhance IC binding and uptake by neutrophils 
[24]. In this study. 50 /ig of HAGG preincubated with 30 /ig Clq 
led to an increase in HAGG binding to the cell surface (Table 2a) 
Jrom an MFi_of 158 to 293. As shown in Table 2a, when 
preincubated with native CRT or its N- or P-domain. the Clq- 
mediated binding of HAGG to cells was impaired to varying 
degrees, with MFT reducing from a value of 293 to values of 
222. 197 and 132, respectively. The Clq-independent binding of 
HAGG via Fc receptors was not affected by preincubation with 
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Fig. 5. (a) Competition by fluid phase calreticuiin (CRT) for anti-CRT 
antibody binding to solid-phase CRT. Mean ± s,d. binding activities of 
100^1 volumes of 1:50 dilutions of anti-CRT IgG antibodies from SLE sera 
to solid-phase bound CRT (100;*] of a I mg/ml concentration), in the 
presence and absence of competing fluid-phase CRT over a concentration 
range of between 1 and 10/ig/ml. The background of this assay was 
determined using a plate with wells coated with' lOO/xl of 1 ^g/ml maltose 
binding protein (MBP) instead of CRT and was subtracted from all data, 
(b) Identification of the region of CRT which is recognized by SLE sera. 
Sera (1 : 100 dilution) from eight SLE patients were incubated for I h, 37**C 
with either immobilized native CRT or the N-, P- and C- MBP fusion 
domains of CRT. MBP fusion protein alone acted as a negative control. 
After incubation, individual wells were washed and probed with 100 ;il of 
1:5000 dilution of anti-human IgG conjugated to peroxidase for 1 h, 37°C. 
Bound autoantibody was detected by ELISA. The optical density (OD) 
was read at 450 nm. CRT: □. N-domain: ^. P-domain; ^» C-domain, 

m, MBP. 

CRT or its domains. The C-domain of CRT did not impair Clq- 
dependent enhancement of HAGG binding to neutrophils. MBP, 
used as a control protein, had no effeci on HAGG bindijig. 

Wc wished to kjiow if CRT could bind directly to neutrophils 
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Fig. 6. Competitive inhibition, by the domains of calreticuiin (CRT), with 
respect to: (a) percentage decrease in binding of immune complexes to Clq. 
The mean results ± s.d. from six SLE sera are shown. Maltose binding 
protein (2-5 /xg/ml); C-domain (2-5 ;*g/ml); ^, P-domain (0-5 fig/m\)\ ^, 
P-domain (2-5 fig/ml). (b) Binding of heat-aggregated human IgG (HAGG) 
complexes to immobilized C Iq after treatment with P- and C-donuiin of 
CRT. Each point represents the mean ± s:d. of triplicate determinations, 
♦f <0 05 compared with non-competitive protein control. 0-5 /ig/ml; ■. 
2-5^ig/ml. OD, Optical density. 

under physiological conditions. Neutrophils (5x10^ in total) were 
incubated with increasing amounts of native CRT at 37°C for 
30min. The intensity of CRT staining was assessed by flow 
cytometry. Binding of CRT to the neutrophil cell surface was 
enhanced in buffer without calcium and magnesium, as shown in 
Table 2b. 



DISCUSSION 

To date, the etiology of SLE remains unclear. However, the 
pathological characteristics of the di&ease are well documented 
and include the production of autoantibodies to some self antigens, 
formation of immune complexes, which can lead ua ^icjcviU^id 
hypocomplementaemia and multi-organ immune-mediated damage. 
Recently, CRT has been described as a human rheumatic disease 
autoantigen [5]. In this study, we attempted to determine if CRT 
was detectable in SLE sera and assess the frequency and target site 
of autoantibodies against CRT in a number of randomly selected 
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-Table-2—Effeci-of-calre{iculin-(GRT)-on-Glg-rnediated-heai- aggre- 
gated human igG (HAGG) binding \o ihc cell suriace and detcrmi na- 
tion of the conditions for CRT binding to neutrophils 



Neutrophil treatment 



Mean fluorescence intensity (MFI) 



a. Effect of CRT on Clq-dependeni HAGG 
hindinfi to neutrophUs 
HAGG alone 
HAGG + Clq 
HAGG + CIq+CRT 
HAGG + C I q + N-domain 
HAGG + C Iq + P-domain 
HAGG -f Clq + C-domain 
~brOnlditi(>ns'forCRT'himiin]i~to neutrophils- 
Unstained 

4T, with Ca-* and Mg'" 
w/o Ca-* and Mg^* 
with Ca^* and Mg^* 
37^C. w/o Ca-"" and Mg^* 



158 
293 
222 
197 
132 
282 



1- 5 

2- 5 
20 

3- 5 
12-5 



The effect of CRT on C I q-de pendent HAGG binding to neutrophils 
was tested by incubating Clq (30/ig/ml) with CRT or its domains fused 
to maltose binding protein (MBP) for 1 h al 3T'C. Then 50 ^ig of HAGG 
were incubated with the Clq-CRT domain preparations for amuher 1 h 
at 37**C. The MFI of control cells probed with primary antibody alone, 
or both primary and secondary antibodies, were < 6 and < 60, respectively. 
All data are representative results of at least two experiments. The 
conditions of CRT binding to neulK)phils were determined by incubating 
the cells (5 x 1 tf' assay) with 5 ^ig CRT for 3()min in PBS ± Ca^"" and 
Mg^* at either 4*'C or 37**C. Binding of CRT to the cell surface was 
detected by incubating with anti-human CRT. followed by staining with 
FJTC-conjugaied antisera. and analysed by flow cytometry. 



SLE patients in comparison with healthy control subjects. Dot blot 
analysis suggested to us that CRT was present more frequently in 
SLE sera than control sera (data not shown). This ob.servation was 
confirmed by quantitative ELISA. Relatively high concentrations 
of CRT were found in over 40% of sera from SLE patients, while 
either lower levels or no CRT could be detected in control sera. 
Approximately 50% of SLE sera tested contained autoantibodies 
against CRT. These results are consi.stent with earlier reports 
125, 26]. In the patients studied here, there was not always a 
positive correlation between detectable CRT and the presence of 
anti-CRT antibodies in the same sera. Whether the CRT had been 
complexed with other autoimmune components and removed from 
the circulation is unknown and necessitates further investigation. 
Experiments were also carried out to locate the region of CRT 
which is a target for autoimmune respon.se. Employing recombi- 
nant DNA techniques, the human CRT molecule was expressed as 
an N-terminal domain (amino acids 1 - 1 80); proline-rich P-domain 
(amino acids 181-290) and carboxy-ienninal C-domain (amino 
acids 291-400). ELISA studies revealed that anti-CRT auto- 
antibodies were directed against the N-terminal fragment. This 
supports the previous studies in which native Wil-2 cell CRT 
was protcolytically cleaved into a 23-kD N-icrminal and 37-kD 
C-terminal fragment, of which the N-terminal fragment was found 
to be autoantigenic (27). Synthetic peptides corresponding to 
amino acids 7-24 of human CRT have also been found to react 
specifically with anti-Ro/SS-A sera in ELISA |20|. A high degree 
of sequence homology exists between human CRT and the 

© IW 



causative agents of or^hocerciasis (O, volvulus) and schistosomiosis 
(S. mansoni), which has led to the proposal that a cross- reactive 
immune response to CRT may occur [28]. However, amino acids 
7-24 are not particularly conserved between human (KEQF- 
LDGDGWTSRWIE-S). 5. mansoni (SETF-PNES-IENWVQ-S) 
and O. volvulus Ral-1 (KEDF-SDDDWEKRWIK-S) forms of CRT. 
It is Iheiiefore Likely that different epitopes within the N-tenninal 
region of CRT are targeted under various pathological conditions. 

Of concern in this study was the ob.servation that CRT interacts 
with the first subcomponent of complement, Clq. Interaction of 
CRT with serum proteins is not unprecedented, and CRT has been 
reported to bind to the vitamin K-dependent coagulation factor. 
Factor IX [29], which in turn binds to vascular endothelial cells. 
This may partially explain the divergent values of CRT seen in 
individual serum samples In this study. In a recent study in our 
laboratory 122], Clq was shown to bind predominantly to the 
N- and P-domains of CRT via its globular heads. However, 
preincubation of Clq with SLE sera containing anti-CRT auto- 
antibodies did not interfere with the anti-CRT antibodies binding to 
immobilized CRT. This suggests that the autoantigenic site and the 
Clq binding site on CRT are distinct. Attempts to peptide map 
these two binding regions arc in progress. Plasma Clq is the 
primary molecule for the initiation of the classical complement 
pathway. The globular head regions of Clq bind specifically to 
complexes of immunoglobulins, leading to efficient activation of 
the classical pathway of the complement system, and thus pre- 
venting the formation of precipitating IC in vivo. Impairment of 
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~ "s^clTmecKanisnTs'i h~SLE patien^^ i if defect ive~processing of 

IC [3031]- To investigate further whether the interaction between 
CRT and C 1 q influenced the ability of C ) q to bind to IC, a series of 
in vitro studies were undertaken. When Clq was immobilized, IC 
present in the SLE sera readily bound to Clq. However, in the 
presence of the P-domain of CRT, IC binding to Clq was reduced 
to varying degrees in six SLE patients. As CRT binds to the 
globular head of Clq, one would expect that CRT is preventing 
binding of the globular head region of Clq to the Fc portion of IC. 
The variation in impainnent of IC binding to Clq by the P-domain 
may reflect the class or isotypes of antibodies making up the 
IC in individual patients. To ascertain further that both N- and 
P-domains of CRT can block binding of complexed IgG to solid- 
phase Clq without the complication of anti-Clq antibodies being 
present, as is~the case in SLE"serarthe"ltiidywasl^peated usih^ 
heat-aggregated purified human IgG» where similar results were 
obtained. The evidence that CRT does, in fact, block Clq- 
immunoglobulin interaction was confirmed using a different 
approach in a parallel study, where both native and recombinant 
full length CRT were shown to be potent inhibitors of Clq 
haemolytic activity [29]. 

The majority of circulating immune complexes are cleared in 
the liver via erythrocytes after binding of the C3b-coated Fc to these 
cells via CRl receptors. However, once IC begin to accumulate in 
other tissues, leucocyte migration to these sites of IC deposition 
can play a role in their phagocytosis and clearance, immune 
complex binding to neutrophils is enhanced in the presence of 
30/ig/mI Clq [32). This suggests that binding of IC to neutrophils 
is mediated not only through Fc receptors present on these cells, 
but also by Clq binding proteins on the cell surface, of which there 
are several candidates [33-35). A Clq binding protein of 33 kD 
(gClqR) has been characterized and isolated from the plasma 
membranes of neutrophils [36], which specincaiiy binds lo the 
globular head region of Clq and may function to enhance IC 
binding to neutrophils directly, or cross-link IC to Fc receptors. 
Co-incubation of Clq with CRT partially prevented the enhanced 
binding of HAGG to neutrophils, mediated by Clq alone. These 
results suggest that CRT is capable of inhibiting Clq-mediated 
binding of aggregated IgG to neutrophils, but not HAGG binding 
directly to Fc receptors. To date, there have been no reports that 
CRT binds specifically to immunoglobulins or interferes with 
immunoglobulin-mediated functions. 

In SLE sera, elevated levels of CRT and lower levels of Clq 
were found compared with normal sera. Confirmation of CRT 
release from leucocytes into the serum comes from two sources of 
data: first, direct measurement of CRT in serum of SLE patients, 
and second, the presence of autoantibodies against the protein in 
SLE sera. Possible pathological significance of CRT binding to Clq 
could be to partially impede IC binding to C Iq and also decrease IC 
binding to leucocytes. These findings are similar to those found by 
Ahmed and co- workers [37], in which gp60, a normal plasma 
protein, inhibited Clq binding to IC and prevented complement- 
mediated prevention of immune complex precipitation. Therefore 
CRT together with other proteins such as gp60, IgM rheumatoid 
factor and other factors which can prevent the precipitation of IC, 
may impede efficient immune complex processing by compfemenl 
and phagocytes recruited to the sites of inflammation, 
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Collectin receptor (Clq receptor) has been shcwTi to bind hunian 
Clq« mannose-binding protein (MBP), lung surfactant protein A 
(SP-A) and bovine conglutinin. These have a similar 

-ultrastructure, -each- consisting-of collagenous -and -gIobular_ 
domains, but do not show a high degree of sequence similarity. 
For Clq and SP-A, it has been shown that both bind to oell- 
surface-exprf^ssed receptor(s) via their collagenous regions and 
this is likely to be the case with the other ligands. Within the 
collagenous region, near the 'bend' region of the coUagen triple 
helix in Clq, MBP and SP-A, a cluster of similar charged 



residues is observed. Tuis regiun ha5 been suggested to be 
associated with receptor binding. A similar region of charge 
density occurs close to the N'-temunus of coogSuilnin. In 4hb 
.paper^we describe^ajnincatedjfonn^^ has 55 



amino acids missine from the N-terminus and Hoes nnt WnH tA 
the collectin receptor. The results presented here strongly indicate 
that receptor-iigauu interaction is mediated via the N-terminal 
region of conglutinin, consistent with the earlier proposal for the 
binding site. 



INTRODUCTION 

Collectins are a group of sciubic proteins each of which has 
collagenous and non-coUagenous domains, and may be comp- 
lement associated and/or have lectin activity [1]. Collectins 
include lung surfactant protein A (SP-A), mannose-binding 
protein (MBP), Clq, lung surfactant protein O (SP-D) and 
conglutinin. All the molecules belonging to the collectin family 
consist of multiple polypeptide chains each made up of a short 
non-collagenous N-terminal segment, followed by a region of 
collagen-like sequence (characterized by the repeating triplet 
sequence Gly-Xaa-Yaa, where Yaa is often a hydroxylated 
amino acid). The C-terminal portion of each polypeptide is non- 
collagenous, and contains, in SP-A, MBP, conglutinin and SP-D, 
a structure known as a C-type lectin domain, which indicates 
that these proteins exhibit calcium ion-dependent binding to 
carbohydrates. In Clq, the C-terminal halves of the polypeptide 
sequences contain an itnmunoglobulin-binding domain. The 
subunits of the proteins are built up by association of three 
polypeptide chains, the collagenous regions of which intertwine 
t form a collagen triple helix. In SP-A, Clq, conglutinin and 
MBP, the collagen triple helix is bent in each subunit, due to an 
iiiicuupiiCu iu the rcpCatiug Gly-Xua-Yaa sequences cf the 
p lypeptide chains. The non-collagenous C-terminal halves form 
a globular *head\ Six such subunits, in 5P-A, Clq or MBP, 
associate to form the characteristic * bunch of tulips' structure 
seen in electron microscopy. In this structure, the globular heads 
f rm the 'flowers', and the collagen helices form the 'stalks' 
(Figure la). 

At least four collectins (Clq, MBP, SP-A and conglutinin) 
bind to a single receptor (collectin receptor) [2]. Binding of SP- 
D to the collectin receptor has not been firmly established. The 
collectin receptor (also called Clq receptor) is a 56 kDa glycc- 
pr tein [3]. The N-terminal amino acid sequence of isolated 
collectin receptor and the sequence f peptides obtained by 



V8/trypsln digestion show a high degree of similarity to the 
cDNA-derived amino add sequence of a human protein reported 
as a compcneai cf R.eSSA [4j or as caireticulis [5j. The 
comparison of immunological, composition, cellular localization 
and peptide-sequence data between purified collectin receptor 
and an isolated RoSSA component or the RoS^A cDNA 
sequence indicates that collectin receptor and RoSSA are similar, 
but not identical, molecules [6]. Collectin receptor has been 
isolated from a number of cell types, including himian tonsil 
lymphocytes, the monocytic cell line U937 [3], endothelial cells 
and platelets [7] and the lung alveolar type-II cell line A549 [8]. 
Although the binding characteristics of collectin-coiiectin re- 
ceptor interaction are well documented [2,9], the site of binding 
between collectin and collectin receptor Ims not been investigated. 
The ligands of the collectin r.^ceptor have similar quaternary 
structiu'es, but are not highly homologous at the primary 
structure level. We therefore examined the known sequences of 
the ligands to select regions of similarity, which might be involved 
in the receptor binding. Experimental data on collectin-<ollectin 
receptor interaction was then obtained to confirm localization of 
the binding site. 

tnHicnmi.0 aviu mcinuaro 
SOS/PAGE 

SDS/PAGE was carried out as described by Laemmli [10]. 
Samples were prepared (reduced or alkylated) as described in 
[1 1]. Proteins were detected with Coomassie Blue staining. 

Protein purification 

Clq was isolated from human serum as described by Reid [12]. 
Collagen stalks from Clq were generated by pepsin digc^Uuo of 
Clq and purified by the method described by Reid [12]. Human 
collectin receptor was purified fr m human tonsil lymphocytes 



Abbreviations used: rviBP. inaiinustf-bittutMy piuiuin; 5P-A. iuny sunadaiii pKitein A; 3r-D. tuny su'muiai;! piuieiii D: PEG 6000, poiyieihytene 
glycol) 6000; buffer A, 145 mM NaCI, 0.05% Tween 20, 2 mM CaClg: congiulinin (T), truncated form of conglutinin; conglutinin (N). normal form of 
conglutinin. 
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Rgore 1 Sehenmtic ninslrallon of t!i8 assemlrry of SP-A, Clq and eonglatlnin (N) subunlts from three polypeptide chains (a) and the N-te^mtnai amino acid 
aequencra (b) of the two forms of conglutinlii, congiutinin (N) and conghitinln (T) 

(8) Polypeptide ciiain contains a collagen-like region (represented by zigzag lines) and non^ltagenous sequence (represented by straight twrizontal lines). The ultrastnictures of SP-A. Clq and 
conglutinin (N) are based on ttte appearance of these molecules in electron microscopy [22]. The likely mechanism t>y which conglutinin (T) is general from the normal form and the cleavage 
site on conglutinin (N) are also shown, (b) The figure also shows ihe amino acid sequence of human C^q (A chain. B chain. C chain), human MBP and human SP-A from a region dose to the 
bend tn the middle of the collagen region. Cha^ amino acids are underlined and the proposed binding siitt is shown in bold. The regions in Clq. MBP and SP-A in which there is an interruption 

«A tU*, PI,. V** yj^^ t-tnU* i4a4<KIm ••H.lnvDnA^ 

tiiu uiy~noo*ina ui^iwt **■ '- •* 



[3,6] and the purified receptor, as analysed by SDS/PAG€, is 
shown in Figure 2 (iane I). Human SP-A was purified as 
described previously [1]. Bovine conglutinin was purified 
(S. B. Laursen, S. Thiol and J.*C. Jcnscnius, unpublished work). 
In brief, conglutinin was precipitated from bovine serum with 
3.5 % (w/v) poIy(ethylene glycol) 6000 (PEG 6000) (Sigma). The 
pellet was washed twice v\dth 5 mM sodium barbitone bufier 
containing 145 mM NaCl, 0.05 % Tween 20, 2 mM CaClj (buffer 
A) and 3.5 % (w/v) PEG 6000. The peUet was finally resuspended 
in buffer A and was I aded on to an A^-aoetyl-D-gluc samine- 
Sephacryl S-300~colunm, pre-equiHbrated ~ with buffer A. N- 
Acctyl-D 5iUCooa>uIuc mao coupltid lo S«:puau>i 3-3G0 bcau5 l>y 
the method of Fomstedt and P rath [13]. The column was 
washed extensively with buffer A and conglutinin-containing 
fractions were eluted with buffer A c ntaining 2 mM AT-acetyl-D- 
glucosamine. The conglutinin-c ntaining fractions were dialysed 



against buffer A and reloaded on to the A^-acetyl-n-gluco- 
saminc-Sephacryl S-300 column. Conglutinin-containing frac- 
tions were then eluted with buffer A containing 10 mM EDTA 
instead of 2 mM CaCl^. These fractions were absorbed on a 
rabbit anti-(bovine immunogiobulin)-Sepharose column and 
then loaded on to a Sephacryl S-400 gel-filtration column in 
buffer A. I wo ditterent forms of conglutinin were eluted from 
the gel-filtration column. 



Radlo-ioilliiaUon of GOllectinjeeeptor 

Radiu-iudiuuiiun wa^ carried uui by ilic luuugLU lucihuu uf 
Fraker and Speck [14]. The specific radioactivity of the labelled 
collectin receptor was 4x 10" c.p.m.//fg of protein, and the 
autoradiograph of the radtolabelled receptor, as analysed n 
SDS/PAGE, is shown in Figure 2 (lane 2). 
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Trans-Blot electrophoreiic transfer ce!!. The b! t% were stamed 
with Coomassie Brilliant Blue and the bands corresponding to 
different f rms of conglutinia were excised and sequenced using 
an Applied Biosystems 470A protein sequencer and Applied 
Biosystems i20A analyser. 

RESULTS 

In Figure 3(a) is shown SDS/PAGE analysis, under leduciag 
conditions, of the purged conglutinin-containing fractions at 
different stages of purification. Two forms of the conglutinin 
polypeptide chain, tno!ecul?^r masses 40 kn» and 44 kDa, were 
co-purified from the AT-acetyl-o-glucosamine-Sephacryl S-300 
column (Figure 3a; lane 4). These two species of conglutinin 
were separated b>' Sephacryl 8-400 gel filtration (Figure 3b) gad 



25 — 



the appearance of the two species of conglutinin polypeptide, 
after the gei-filtration step, is shown in Figure 3(a) (lanes 2 and 
3). The elution ptofiles of the two forms of conglutinin, in 
comparison with standard proteins, by Sephacryl S-400 ge! 
filtration shows that the form containing the 44 kDa polypeptide 
chains, conglutinin (N), elutes between the void volume and the 



Rgure 2 SOS/PAGE analysis of unlabeiled purffied eolleetln receptor (lane 
receptor (lens 2) 



(a) 1 



Solid-phase binding assays 

Microti tre plate wells were coated with 100 mI of different forms 
of the purified conglutinin (50 /eg/ml) or BSA (50 /tg/ml) in PBS. 
Non-specific binding sites were blocked with 300 /il of BSA 
(5mg/ml) in PBS. Radio-iodinated coilectin receptor (100 ^i; 
2.3x lO^c.p.m.) in 10 mM sodium phosphate buffer (pH 7.4) 
containing 0. 1 % Emulphogene was loaded on to the protein- 
coated wells and incubated for 1 h at room temperature. After 
extensive washing with loading buffer the bound radioactivity 
was eluted with 200 /el of 4 M NaOH and the eluted radioactivity 
was measuied. 

In further sets of experiments microtitre plate weUs were 
coated with Clq (10 /eg/ml) in PBS. Radio-iodinated coilectin 
receptor (100 pd; 2.3 x 10^ c.p.m.) was incubated lor 1 h at room 
temperature iu the presence of serial dilutions of Clq collagen 
stalks (100 /el; maximum amount 13 pmol), SP-A (100/il; maxi* 
mum amount 4 pmol), the truncated form of conglutinin [con- 
glutinin (T)] (100 /el; maximum amount 63 pmol), the normal 
form of conglutinin [conglutinin (N)] (100 /el; maximum amount 
14 pmol), Clq (100 /el; maximum amount 16 pmol) or BSA 
( 1 jO /el ; maximum amount 63 pmol) in 1 0 mM sodium phosphate 
buffer containing O.I % (w/v) Eniulphogene (pH 7.4). The mix- 
ture was loaded on to the Clq-coated microtitre plate wells and 
incubated for I h at ambient temperature. After extensive wash- 
ing with loading buffer the bound radioactivity was eluted with 
200 /el of 4 M NaOH and the eluted radioactivity was measured. 



N-termlnal amino add seciuence analysts 

Samples f r sequence analysis were run on SDS/PAGE under 
reducing conditions and electroblolted on t Problott membrane 
(Applied Bi systems, Warringt n, U.K.) in a Bio-Rad mini 




(b) 



§ 0.05 




F^ure 3 SDS/PAGE analysis uf different forms of conglufinbi (a) and 
elation positions of purified coiqlotinln (N) (PI) and congtattaln (T) (yz) fim 
S^hacryl $-400 eel fittration (b) 

(a) Une 1. molecutar-mass standards: from top to bottom. myDSin (212 kDa), ptiosptKuylase 
- b-(92 kDa). catalase (60 kDa). ovalbumin (42 kOa) and.carboxypepttdas8-(25 kOa): (ane Z 
purifipd cons'utfnip (N) 'jnf*?r rpd'jci*^ conf?!!H?ns *fr2t?n3! frofn p22k P1, Rgurs 2!iJ; !3!S 3. 
puriffed congtutinin (T) under reducing conditions (material from peak P2. Rgure 2b); and tane 
4. fractions containing both forms of congfurinin after the /\^cetyl-DHglucosamirte-Seph3cryl S- 
300 column purilication step, under reducing conditions, (b) Elution positions of molecular- 
mass niarkers: A. Blue O^txtran (2000 kDa); B. thyro^lobulin (669 kDa); 0. ferritin (440 kOa): 
D. catalase (232 kOa); E. aldolase (158 kDa) are indicated tiy arrows. 
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670 kDa thyroglobulin marker. This is consistent with the very 
elongated shape of congltitinin. The form containing 40 kDa 
polypeptides, c ngluticin (T), elutes at a slightly smaller size 
than thyroglobulin, indicating that it als is muliimeiic and 
elongated. 

The N-termiaal amino acid sequence analysis of these two 
forms of conglutinin revv^ed that the lower-molecular-mass 
species conglutinin (T) is a truncated form of the higher- 
molecular-mass species conglutinin (N) (Figure lb). The origin 
f conglutinin (T) in serum is not clear, but it is likely to arise by 
proteolytic cleavage of conglutinin (N) (Figure la). Qeavage is 
at an Ala-Gly bond. Leucocyte elastase may be a candidate 
protease for clea\ age, but there is no firm evidence of this as yet. 

^at ~55 residues^ are inissing~from~^the~N-terminus of eaclT 
polypeptide chain compared with conglutinin (N). This missing 
portion, if it remained intact, could be in the form of four 
segments of triple helices, i.e. 4 x 3 x 55 amino acid residues, or 
about 65-70 kDa. It may also, however, be further proteolysed 
to small fragments, or its polypeptides may dissociate. A 
thorough search of the fractions eluted from gel filtration (Figure 
3b) failed to reveal any material corresponding to this other piece 
of conglutinin, or to sub-fragments of it. It is clear, therefore, 
that it dissociates from conglutinin (T) at an earlier stage (i.e. 
immediately after proteolysis, or during PEG 6000 precipitation, 
r during carbohydrate-binding afi^t*; chromatography). 

It has been shown by electron-microscopy studies that con- 
glutinin (T), like conglutinin (N), forms the typical two-domain 
structure associated with coUectins [15], i.e. both the forms have 
collagen-like stalks associated with globular heads. The major 
difference between the two forms of conglutinin is that con- 
glutinin (T) is a single three-chain subunit, whereas conglutinin 
(N) forms a cross-like shape made up of four three-chain subunits 
IFigxire la). As both molecules were eluted from the iV-acetyl-D- 
glucosamine-Sephacryl S-300 column with EDTA and iV-acetyl- 
D-glucosamine, it is clear that they retain lectin activity. This 
indicates that conglutinin (N) and conglutinin (T) both have a 
functionally intact C-terminal globular domain. 

The binding of radio-iodinated collectin receptor to immobil- 
ized Clq is inhibited by both soluble Clq and soluble Clq- 
collagen stalks (Figure 4a), indicating that Clq interacts with 
c Uectin receptor through the collagen domain. This is consistent 
with the earlier reports that the binding of Clq and SP-A to cells 
expressing their receptor takes place through the collagen domain 
[16-19]. Consistent u-ith earlier data [2], SP-A also inhibits 
Clq-collectin-receptor interaction (Figure 4a). 

It bfts been shown previously that binding of SP-A and Clq to 
collectin receptor is dependent on ionic strength [1,3]. On the 
basis of binding characteristics and sequence comparison between 
the four collectins, i.e. MBP, SP-A, Clq and conglutinin, we had 
previously suggested that the region close to the collagen triple- 
helix bend region, a region of charged residues (Figure lb), may 
be the binding site for SP-A or Ciq with ilic coilecun receptor [1]. 
Conglutinin (N) contains a similar region of sequence (Figure 
lb), but this is absent from conglutinin (T). The use of these two 
forms of conglutinin, therefore, may provide evidence to support 
the suggested receptor-binding site. 

Collectin receptor does bind t conglutinin (N) but n t to 
conglutinin (T) (Table 1). Similarly tiie binding of collectin 
recept r to solid-phase immobilized C 1 q was inhibited by soluble 
Clq, and s luble conglutinin (N), but conglutinin (T) had only 
a minor effect on the interaction between collectiii recept r and 
Clq (Figure 4b). The slight inhibiti n of binding f collectin 
receptor to Clq seen with higher concentrations of conglutinin 
(T) is probably due t minor contamination with conglutinin (N) 
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Figure 4 Binding ebaractfirtsUcs of the collectin receptor 

(a) Binding of radio-iodinated collectin receptor to solid-phase immobilized Clq in the presence 
of serial dilutions of Clq (■). Clq-collagen stalks (A). SP-A (A) or BSA (O)- Details are 
given in t^e Materials and metnods sectioa Results are of ttiree experfments, witti ttte average 
of triplicatVexperimentat points shown, (b) Binding of radio-iodinated collectin receptor to soiid- 
phase immobtiized Ciq in the presence oi serial diiuiioiis ul Ciq (fi), cuttyiuiiittn (ri) (9), 
conglutinin (T) (□) and BSA (O). Details ais given in the lyialerials and methods section. 
Results are of three experiments, with the average of triplicate expertmenta! points shown. To 
calculate the amount of collectins in terms of moles the molecular masses of collectins were 
assumed to be: Clq. 460 kDa; Clq-collagen stalks. 190 kDa; SP-A. 600 kDa: conglutinin (N). 
528 kOa: conglutinin (T), 120 kOa. 
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-Table 1^Bindln0 of ladlolabrllmlcolleettnre^^ soUd-phaisbnmoUr-- 
aed eonsiuitmn (n), eCABiuuidR and 5SA 

Details are given In tne Materials and mettiDds section. Results of two experiments each witti 
the average ot six experimental points and standard deviation are shown. 



Ugand 



Binding 

(c.p.m. bound ±S.D.) 



Conglutinin (N) 
Conglutinin (T) 
BSA 



9700 ±713 
879 ±284 
562±121 



(Hgure 3a;JaneJ) JTraglja^ coaglulinin.(N)_ 
in that each polypeptide lacks the first 55 amino acids of the 
nonnai sequence (Figure lb). The absence of this sequence 
clearly prevents interaction witlk receptor, as shown here, and 
also prevents formation of the four-subunit structure found in 
nonnai conglutinin ([15]; Figure la). 



DISCUSSION 

We have previously shown that binding of SP-A and Clq to 
U937 cells and purified collectin receptor is dependent on ionic 
strength, implying involvement of charged amino adds in the 
interaction of collectins with collectin receptor [1,3]. Tee binding 
characteristics of interaction of SP-A with an SP-A receptor on 
human cell Unes have not been extensively investigated, but a 
number of workers have characterized the binding of SP-A to rat 
alveolar type-II cells and rat alveolar macrophages. Rice et al. 
[18] and Wright et al. [20] provided evidence that the interaction 
of SP-A with receptor did not involve the lectin domain. Kuroki 
et al. [19] also showed that mannose or a methyhnannoside or 
concanavalin A did not effect the binding of radio-iodinated rat 
SP-A to alveolar type-II cells, nor did these substances affect the 
SP-A-induced inhibition of surfactant secretion. They also 
showed that chemical modification of basic amino acids in SP-A 
resulted in inhibition of binding of radio-iodinated SP-A to 
alveolar type-II cells and in inhibition of the biological activity of 
SP-A. This observation is consistent with the binding site 
suggested by us (Figure lb). Interaction of dog SP-A with dog 
alveolar macrophages and polymorphs is destroyed by col- 
lagenase treatment [21]. In these earlier studies, the receptor to 
which SP-A was binding was imcharacterized, but it is now clear 
that SP-A binds to U937 cells and A549 cells via the collectin 
receptor [1,81. The results presented in this paper show that the 
binding of collectin receptor to collectins takes place through the 
collagen domain and the binding site for collectin receptor on 
collectins consists of a region with a high proportion of charged 



"residuesrwhich"is consistent withlbecharactenstics of SP-A or 
Clq interact! n with different cell types as discussed above. 

Binding f conglutinin (or other collectins) to the collectin 
receptor may be mediated by a linear sequence motif in the 
conglutinin polypeptide chain, or may require features of dis- 
tribution of charge around a single collagen triple helix, or even 
around several helices, since in all the collectins the proposed 
binding site is in a region where several helices are in proximity. 
Whatever the requirement, the receptor-ligand interaction is 
clearly mediated via the NVterminal region of conglutinin, 
consistent with the earher proposal for the binding site [1]. These 
results also indicate that collectin receptor is not a general 
receptor for collagen-like structures, but requires a specific charge 
distribution. 
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SYNTHETIC PEPTIDE INHIBITORS OF COMPLEMENT 
SERINE PROTEASES— III. 
SIGNIFICANT INCREASE IN INHIBITOR POTENCY 
PROVIDES FURTHER SUPPORT FOR THE FUNCTIONAL 
EQUIVALENCE HYPOTHESIS 

Charles S. ScHASTEEN,*t R. Paul Levine.J Sharon A. McLAFraRTY.t Rory F. FiNN,t 
Lea D. BuLLOCK.t Janet C. MaydenJ and George L GLOVERt 

tBjolpgicaLSciences De partme m, MonsantoCompany, Si Louis, MO 63198, U.S.A. and 

t James S. McDonnell Deparlmeni of Gcneiics, Washington University "School-of-Medicinc; 

St Louis, MO 63110. U.S.A. 

{First received 26 December 1989; accepted in revised form 6 April 1990) 

Abstract— Synthetic peptides based on functionally equivalent (as defined by similar patterns of chemically 
equivalent amino acids) serine protease inhibitor (scrpin) C-terminal sequences inhibit both classical and 
altcmalive pathways of complement activation. Inhibition was also found with hybrid peptides consisting 
of the cleavage site of one serpin (antithrombin III, a- 1 -antitrypsin, or antichymolrypsin) attached to the 
short and long functionally equivalent protease binding cores of the other two serpins. A hybrid peptide 
composed of the sequence at the site of cleavage of C4 by Cls attached to the long binding core of 
antithrombin III was selective in inhibiting the classical pathway with no effect on the alternative pathway 
at a concn of 10 uM. Extension of the functional equivalence hypothesis has produced inhibitors of 
complement activation named generic and generic -»- , whose sequences differ by 77 -/o or 87%, rcspcciivciy, 
from those of all three serpin sequences. A hybrid peptide composed of the antithrombin III cleavage site 
attached to the generic peptide is an inhibitor of complement activation at 500 nM, the most potent 
inhibitor found in this study. 



INTRODUCTION 

The complement system is a major line of defense 
against systemic bacterial infections. It is also a 
mediator of inflammatory responses and is respon- 
dble for the processing of immune complexes for 
their clearance and elimination (Porter, 1981; Porter 
and Reid, 1978). The activation of the complement 
system is largely a fimction of a group of serine 
pr teases whose natiural substrates are limited to 
specific complement proteins. Complement activation 
enables the initiation of events which are normally 
short-lived and positive in outcome; however, some 
disease states lead to detrimental inflammatory 
responses (Vogt. 1985). 

The development of research tools for study of 
the complement serine proteases and the potential 
of a new therapeutic concept in the ability to regulate 
the activation of the classical and/or alternative 
complement pathways has led us to synthesize a novel 
scries of peptide inhibitors of the complement system. 
Our approach is based on the homology of sequences 
in the C-terminal regions of the endogenous serum 
serine protease inhibitors (serpins) antithrombin III 



•Author to whom • correspondence should be addressed. 
Nomenclature for the complement proteins is that 
recommended, by the World Health Organization 
(1970, 1981). 



(ATIII), a -1 -proteinase inhibitor (antitrypsin, AT), 
and aniichymotrypsin (ACT) (Glover and Schastecn, 
1985). The homology lies both in the primary struc- 
ture and in the functional equivalence of amino acid 
residues in their C-terminal regions. We have pre- 
viously synthesized inhibitors of purified Cls of the 
classical pathway and purified D of the alternative 
pathway (Glover et aL, 1988) as well as inhibitors 
of hemolytic activity and C3a and C4a production 
(Schasteen et aL, 1988). 

As described previously (Glover and Schasteen, 
1985; Glover ei cd.y 1986), the functional equivalence 
hypothesis predicts that chemically similar amino 
acids arc interchangeable or functionally equivalent 
for peptide inhibitors of complement serine proteases. 
Functionally equivalent amino acids are defined as 
hydrophobic (Trp, Phe, Tyr, Leu, Met Val, He), 
acidic (Glu, Asp), basic (Arg, Lys, His), and hydro- 
philic, uncharged (Gin, Asn, Ser, Thr). Amino acids 
considered to be distinct arc Ala because of its small, 
hydrophobic side chain; Gly because it does not 
impose conformational restraints; Pro because it 
imposes conformational restraints; and Cys because 
of structural constraints that arise from its ability to 
form disulfide bonds. The amino acid residues con- 
tained in the C-termini of ATIII, AT, and ACT are 
designated by the symbols shown in the lower portion 
of Table I. The patterns formed by these sequences 
represent both primary sequence homology and 
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amino acid functional equivalence within this region 
of the three serpins. 

The C-terminal regions of the three serpins. 
ATIII. AT, and ACT each possess a core binding 
region within which a short core (identified as 
residues 388-403 of ATIII) and a long core (identified 
as residues 388-420 of ATIII) can be distinguished. 
It was assumed that these segments of homology 
are involved in serpin /serine protease binding. Each 
naturally occurring serpin also has a variable region 
within which cleavage by its target serine protease 
occurs. Localization of the cleavage site (indicated by 
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the arrows below the sequences given in Table 1) 
within the variable region rather than in the function- 
ally homologous core regions is consistent with the 
importance of the cleavage site in determining the 
specificity of each serpin for its target enzyme. 

Further evidence for the functional equivalence 
hypothesis is presented here with inhibitors of the 
complement system which are hybrid peptides of 
various cleavage sites used by proteases attached to 
the short and long cover peptides of ATIII. AT and 
ACT. Included is a hybrid peptide of the fourth 
complement protein (C4) cleavage site attached to 
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the long core o f ATMl-This peptide is a-sclecliye- 
inhibito'r of the classical complement pathway, ine 
functional equivalence hypothesis has been further 
validated by synthesis of peptides that have httle 
sequence identity with ATIII, AT. or ACT, but retam 
the ability to inhibit complement activation. Included 
among these peptides is a novel sequence that inhibits 
complement activation at a concn of 500 nM. 

MATERIALS AND METHODS 

Synthetic peptides 

Peptides were prepared by the solid-phase method 
( Stewart and Young, 1984 ) an d were purified by 
reverse-phase semi-preparative chromatography (C4 
or CI 8 25 cm X 10 mm, Vydac, Hyperius, CA). The 
sequences were confirmed by amino acid composition 
and sequence analysis. Identity of certain peptides 
was confirmed by fast atom bombardment mass 
spectrometry. He was substituted for Met in the AT 
short cores. Leu was substituted for Met in all other 
short and long cores and Ala was substituted for 
Cys418 of ATIII to avoid difficulties resulting from 
oxidation of the side chains during synthesis and 
deblocking. The generic peptide was extended an 
additional three amino acids to match the actual 
length f AT; addition of the three amino acids to 
the long cores had iib major effect on inhibitory 
activities in cases where the comparison was made. 
For ease of relating the activities of the peptides in 
this paper to other activities of the same peptides 
in other papers, the numbering of the peptides in the 
tables is according to that used previously (Glover 
et aL, 1988; Schasteen et al, 1988). 

Preparation of cells 

Antibody sensitized sheep erythrocytes (EA) were 
prepared by incubating sheep erythrocytes (E) with 
hemolysin (PEL-Frecze Biologicals, Rogers, AR) as 
described (Harrison and Lachman, 1986). EA were 
stored at 4*'C in 5,6 mM veronal buffered saline, 
pH 7.5, conUining 2.5% w/v dextrose, 0.05% w/v 
gelatin, and 0.01% sodium azide. Rabbit erythrocytes 
(ER) were obtained from blood drawn from the ear 
veins of New Zealand white rabbits (BoswelFs Rabbit 
Farm, St Louis. MO) into cold Alsevers' buffer 
containing 0.01% soditmi azide. 



-ing-0.15 M^CaCl.-and^O.S M^Mggj with variable 



Hemolytic assays 

Classical pathway hemolytic activity was measured 
by incubating titered normal human serum (NHS) of 
known hemolytic activity with EA for 1 hr at 37**C 
and measuring absorbance at 414 nm as described 
(Harrison and Lachman, 1986). Phosphate buffered 
saline (PBS) was used as buffer because of the lower 
solubility of peptide inhjbilors in veronal buffered 
saline. A typical classical pathway experiment with 
synthetic peptide inhibitors contained the following 
components (final concn) added in sequence to give 
a total volume of 250 /i 1: 1 00 /i I PBS * * (PBS contain- 



concns of synthetic peptide inhibitor or no peptide m 
the control, 100/il NHS (final dilution was from 
1 : 100 to 1 : 120), and 50 /il EA (2.5 x 10' cells washed 
l\yice with PBS*"^) were added last to initiate the 
activation. The dilution of NHS was such that 
control hemolysis was 75-85%. Incubations were 
carried out for 60 min at 3TC after which 0.75 ml 
of cold PBS was added to stop hemolysis and the 
preparations were centrifuged for 5 min_at 5000^. 
A sample of the supemate was removed and its 
absorbance at 414 nm measured in a Zeiss model 
PM20L spectrophotometer. Alternative pathway 
hemolytic assays were carried out in the same manner 
-as-for-lhe-classical-pathway-except_that_EA^were_ — 
replaced with ER. Dilution of NHS required for a 
control hemolysis of 75-85% was 1:10 in PBS^^. 

RESULTS AND DISCUSSION 

Numerous investigators have suggested the 
importance of drugs that could control complement 
mediated processes (Patrick and Johnson, 1980; 
Asghar, 1984; Bailey et ai., 1985; Vogt, 1985). 
Diseases in which complement activation is known to 
^ui^, e.g. myasthenia gra\'is, rheumatoid arthritis-, 
serum sickness, hemolytic anemias, and systemic 
lupus erythematosus (Vogt. 1985) are ppssiW^ 
for therapeutic intervention with complement inhibi- 
tors. Inhibitors for both classical (Asghar, 1984; 
Boackle et ai, 1979; Takada et al, 1978; Caporale 
et aL, 1981; Andreatta et ai, 1980) and alternative 
(Kaneko et ai, 1980) complement pathways, have 
been described; however, many of these require 
relatively high concns (10-10,000 /iM) for inhibition 
of complement activation both in vivo and in vitro 
(Patrick and Johnson, 1980). Complement activation 
is the result of sequential proteolysis by serine 
proteases with trypsin-like specificity, so one approach 
to blocking complement activation is inhibition of 
one or more key complement proteases. Protease 
inhibitors arc commonly based on the sequences of 
the physiological substrate site cleaved by the target 
protease since the natural substrates of the target 
proteases arc expected to have high affinity for the 
enzymes that normally cleave them (Sturtzcbecher, 
1984). This has not been a productive rationale for 
the design of inhibitors of the complement system: 
a peptide encompassing the cleavage site of C3 is a 
poor inhibitor of the C3 convertases (Andreatta et aL 
1981; Schasteen et ai, 1988) and a peptide encom- 
passing Uie site in factor B cleaved by Factor D does 
not inhibit this enzyme (Glover et al, 1988). A second 
approach to inhibition of serum serine proteases is 
based on the functional equivalence of the C-termini 
of serpins and has yielded inhibitors of complement 
activation (Gldver~and "Schasteen, 1985: Glover 
et al.y 1988) and of the production of C4a and C3a 
(Schasteen et qL, 1988). Functionally equivalent C- 
termini of ATIII, AT and ACT are evident in the 
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similar pattern of chemically equiN^lent"¥miTro acids" 
illustraied in Table I A. Further evidence in support 
of the hypothesis that these functionally equivalent 
regions are common protease binding domains of 
serpins is presented below. 

Inhibition of hemolytic activity by hybrid peptides 
based on the cleavage sites and short cores of ATI 1 1, 
AT, and ACT 

Peptides from the C-lermini of serpins on which 
the functional equivalence hypothesis is based can be 
described as a cleavage site (variable for different 
target proteases) and a short or long core region as 
illustrated in Table IB for ATIII. 1[_he_cleavage^si^ 
represented by the region flanking the peptide bond 
cleaved by the target protease, e.g. Arg384-Ser385 of 
ATIII, Met358-Ser359 of AT and Leu358-Ser359 of 
ACT (indicated by the arrows below the sequences). 
A peptide encompassing only the cleavage site of 
ATIII, 1, is a poor inhibitor of either complement 
pathway (Table 1 B). Peptides encompassing only the 
short core of ATIII, 2, or ACT, 4, inhibit complement 
activation of both pathways. The short core of AT, 
3, however, is not an inhibitor of complement acti- 
vation at a concn of 200 pM. This trend U>ward 
decreased effectiveness continues when the A I short 
core is extended to include the cleavage site, 6, whereas 
extension of either ATIII or ACT, 2 and 4, respect- 
ively, increases the inhibitory potency, 5 and 7. The 
hybrid peptide composed of the cleavage site of AT 
attached to the short core of ATIII, or AT/ ATIII, 21, 
is not an inhibitor of complement activation whereas 
the hybrid ACT/ATIII short core, 22, is an inhibitor 
although not as effective as the natural ATIII/ATIII 
short core sequence, 5. The trend in which the AT 
sequence is a relatively poor complement inhibitor 
continues with hybrid peptides 23 and 24, in which 
the ATIII and ACT cleavage sites are attached to the 
AT short core. Hybrids of AT and ATIII cleavage 
sites attached to ACT short core. 25 and 26, respect- 
ively, provide inhibitors of both complement path- 
ways. These results are consistent with the hypothesis 
that the core peptide contributes mainly to binding 
t the proteases. The hypothesis predicts that all 
three cores are functionally equivalent and should 
be inhibitors. The AT core, however, was not an 
inhibitor of complement activation al the 200 ^iM 
concentration tested, suggesting that the functional 
equivalence hypothesis may be generally applicable, 
but that primary sequence still plays a significant 
role in certain cases. This is reasonable since target 
proteases differ significantly in actual amino acid 
sequence and thus it is expected that the actual 
sequence of the inhibitor might be important. 



Inhibition of hemolytic activity by hybrid peptides 
based on the cleavage sites and long cores of ATIII, 
AT, and ACT 

The inhibition of hemolytic activity by a scries of 
hybrid peptides extended to include a second region 



of "functional-equivalence (long core) is-shown in 

Table 2A. Peptide 27, representing the second func- 
tionally equivalent region of ATIII alone is not a 
inhibitor of complement activation; however, when 
attached to the short core of ATIII to give the ATIII 
long core (illustrated for ATIII in Table 2B), 8, an 
inhibitor of complement activation more potent than 
at ATIII short core, 2, is obtained. A scrambled 
sequence of the ATIII long core, 46, lacks inhibitory 
activity and shows the importance of the pattern - 
of functional equivalence in the primary sequence. 
The long cores of all three serpins are inhibitors of 
complement activation, ATIII, 8; AT, 9; ACT, 10. 
Protease inhibition activity for complement, tPA 
' (Schasteen -e/^a/.,^l986)rand"coagulation-(Schasteen - 
et al., unpublished data) seems to be inherent in the 
long cores of functional equivalence. These results 
offer strong support for the hypothesis that these are 
functionally equivalent prptcase binding regions. The 
general trend noted above for an increase in inhibitor 
potency by addition of the cleavage site is seen with 
ATIII. 11. and ACT, 13; however. AT, 12, resumes 
the trend seen with the short core AT peptides of 
being ineffective as complement inhibitors at the 
200 //M concn tested. Hybrid peptides of AT and 
ACT cleavage sites with the long ATIII coie. 28 arid 

29. respectively, are complement inhibitors with no 
significant increase in potency over the ATIII long 
core alone, 8. The importance of the cleavage site 
in the potency of an inhibitor is shown by com- 
parison of the AT sequence, 12 with the hybrid 
peptides of ATIII and ACT cleavage site attached 
to the AT long core, 30 and 31, respectively. ATIII, 

30, and ACT, 31. cleavage sites, but not the AT 
cleavage site, 12, attached to the AT cores are 
complement inhibitors. The ATIII cleavage site 
attached to the ACT long core, 32. provides the 
most effective complement inhibitor of this series 
whereas the AT cleavage site attached to the long 
core of ACT, 33, is a marginally effective inhibitor of 
the classical pathway and ineffective as an inhibitor 
of the alternative pathway at the 200 //M concn 
tested. 

Further evidence in support of the functional equival- 
ence hypothesis 

If this hypothesis is valid, substitution of chemi- 
cally equivalent amino acids in the regions of signifi- 
cant homology (Table 3; long or short cores) will 
markedly change the primary sequence, but protease 
inhibitory activity should be retained. Results obtained 
with the long core peptides, 8, 9, and 10 are included 
for reference in Table 3B. The generic sequence. 34. 
contains only seven amino acids that are identical 
in the primary sequences of ATIII, AT and ACT, 
but is 77% different from the three serpin sequences 
(Table 3A). The novel (not found in nature) generic 
peptide, 34, is indeed an inhibitor of complement 
activation (Table 3B). The addition of the AT cleavage 
site to the generic core, 36, results in a peptide with 
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no inhibitory activity even though it^tains-the- 
generic core peptide consistent with results for most 
other AT peptides. The ACT cleavage site attached 
to the generic core. 37, docs not significantly increase 
or decrease the ability to inhibit the complement 
system. This contrasts with the dramatic increase in 
inhibition seen with the hybrid peptide comprised 
of the ATIIl cleavage site attached to the generic 
core, 35, which provides the most effective peptide 
inhibitor of complement activation in this study. 
Complete inhibition of the alternative pathway by 
peptide 35 is seen at 10 /iM and significant inhibition 
(82%) of the classical pathway is seen at 500 nM, 
-This-dramatic_increaseJnjnhibitory_a^ 
out the intricacies of this system which are still not 
understood. The magnitude of the inhibitory range 
found by atuchmcnl of different cleavage sites to the 
generic core suggests that, although the hypothesis 
of functional equivalence appears generally valid, the 
cleavage site plays a significant, yet incompletely 
understood, role in the inhibition of the complement 
proteases. The generic + peptide, 38, represenU a 
greater departure from serpin sequence identity, but 
retains functional equivalence (Table 3A). It differs 
fross^ the serpin sequences at a!! but four basic amino 
acids or by 87%, yet retains the ability to inhibit 
complement activation. 



Importance of the cleavage site-to the ability to mhibit 
complement activation 

The importance of the cleavage site in determining 
inhibitory potency is further demonstrated in Table 4. 
We have attached the thrombin cleavage site of the 
a-chain of fibrinogen and the Cls cleavage site of C4 
to either short or long cores of ATIII, The hybrid 
peptide of thrombin cleavage site on a -fibrinogen 
coupled to the short core of ATIII, 16, was reported 
previously to increase the inhibitory potency over 
the ATIII short alone with respect to complement 
inhibition (Schasteen et ai, 1988). The thrombin 
cleavage site on a -fibrinogen also increases the potency 
of the long co re of A TIII, 39 vs 8; the effect of the 
fibrinogen cleavage site~is"compaTabIe"lcrtKat'of the~ 
ATIII cleavage site, 11 (Table 2B). We have also 
reported finding that the C4 cleavage site attached to 
the short core peptide of ATIII, 14, confers signifi- 
cant selectivity in inhibiting the classical pathway 
over the alternative pathway of complement acti- 
vation. This is confirmed in the hybrid C4/ ATIII long 
core peptide, 40, which shows complete inhibition of 
the classical pathway at 25 /iM with no effect on the 
alternative pathway of complement activation. This 
is significant as use of this peptide would potentially 
control classical pathway activation while allowing 
the alternative pathway to perform unimpeded. 
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£;^ec/ of spacing between cleavage sites and cores on 
inhibition pf complement activation 

The importance of the spacing of a cleavage site 
from the core peptide is illustrated in Table 5. 
Peptides 41-45 represent increasing or decreasing 
distance between the cleavage site on C4 and the 
short core of ATIIL The original cleavage site attach- 
ment in 14 was an arbitrary choice based on placing 
the cleavage site of C4 in the same position relative 
t the cleavage site in ATIIL Moving the cleavage site 
two amino add residues closer to. 41, or farther from, 
42, the short core significantly lowers the inhibitory 
potency and reduces selectivity for the classical path- 
way. Moving the cleavage site of C4 in four amino 
acid blocks relative to peptide 42, 43-45, suggests 
that the distance between the short core and the 
cleavage site in 14 is essential to retain inhibitory 
activity. 

Effect of peptides from the C- terminal portion of A Till 
on complement activation 

The data from the individual peptides shown in 
Table 6 has been presented elsewhere in this paper; 
however the order of presentation in this table points 
out special features of the structure-function relation- 



ship of complement inhibition. Peptide 18 represents 
half the short core of ATIII and is not active as 
an inhibitor of complement activation at 200 /iM. 
The entire short core peptide of ATIII, 2, inhibits 
both pathways of complement activation at a con- 
centration of 200 /I M. Extension of the short core 
through the cleavage site of ATIII gives peptide 5, 
which is an effective complement inhibitor at 50/iM 
showing an apparent 4-fold increase in inhibitory 
activity. This result shows that addition of the 
cleavage site can increase the inhibitory potency 
of the short core of ATIII for inhibition of the 
complement cascade. Peptide 20 represents half of 
the long core of ATIII, and this peptide is not 
an inhibitor of complement activation at 200 /iM. 
Addition of the short core region to 20 results in the 
long core region, 8, which is an effective complement 
inhibitor al a 50pM concn. Addition of the cleavage 
site region of ATIII (by itself not an inhibitor of 
complement activation as shown by 1) to the long 
core of ATIII provides peptide 11, an effective 
inhibitor of complement activation at 5 /iM, a 10-fold 
increase in inhibitory potency over the long core of 
ATIII alone and further evidence of the importance 
of the cleavage site region. The generic peptide, 34, 
is an inhibitor of complement activation at 50 pM 
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and the addition of the ATIIl cleavage site provides 
35, an inhibitor of complement at a concentration 
of* SOOnM, a lOO-fold apparent increase in the 
inhibitory potency over the generic core alone. 

The data presented in this and previous reports 
(Glover and Schastcen, 1985, Glover et aL, 1988; 
Schastccn et a/., 1986 and 1988) provide evidence 
in support of, the hypothesis that the C-tenninal 
sequences of serpins are functionally equivalent and 
constitute a common protease binding domain in this 
class of proteins. Functionally equivalent peptides 
ft m the C-tcrmini of ATIll, AT and ACT mhibit 
complement activation in both classical and 
alternative pathways and the action of complement 
pr teases D and Cls on their natural protein sub- 
strates. Further, novel functionally equivalent genenc 
and generic + peptides having minimal sequence 
identity to the serpins, ATIII, AT, and ACT, also 
inhibit complement activation and the hybrid peptide 
35 consisting of the ATIIl cleavage site attached to 
the generic peptide, is the most potent inhibitor of 
complement activation found in this study. Function- 
ally homologous peptides are not cquipotent reflect- 
ing differences in sequences; to date it has not been 
possible to establish a structure-potency relationship. 
Most AT peptides are not inhibitors of complement 
activation; the exceptions being the long core 9 and 
the hybrid peptides 26» 28, 30, and 31. All ATllI and 
ACT peptides containing a complete short or long 
core inhibit complement activation. There are rare 



exceptions among hybrid peptides containing AT 
sequences such as peptides 21, 23, 24 and 36. 

Although not completely understood, it is sigmfi- 
cant that selective inhibitors of the classical pathway 
of complement activation have been discovered^ 
Hybrid peptides consisting of the Cls cleavage sue of 
C4 fused to long or short cores are selective inhibitors 
of classical pathway activation. The selectivity of 
inhibitors of the classical pathway is also noted when 
the ACT cleavage site is attached to the ATIII or 
ACT long core (i.e. compare the effects of peptide 8 
vs 29 and peptide 13 vs 10). This observation is 
important in that it supports inhibition of specific 
steps in these activation pathways by these peptides 
rather than blocking hemolysis in a nonproieolytic 
step common to both pathways. The results of the 
studies reported here on inhibition of complement 
proteases and complement activation lend support to 
the hypothesis of the functional equivalence of these 
serpin sequences. The inhibitors discovered provide 
useful biochemical tools for studying the role of 
complement in complex biochemical systems and 
may provide leads to therapeutics based on inhibition 
of complement activation by both pathways or by the 
classical pathway alone. 
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BSPR: 

The comolement cascade consists of two major branches, the 

Cidb^DlOcii aiiU 

alternative pathways. Though these pathways are initiated 

„dif.te.rently,— they ^ _ ^ _ _ — — 

converge at the step of complement protein C3 activation (see 
FIG, 5) . The 

complement cascade can mediate undesirable cellular damage in 
inflammatory, 

immune or autoimmune (auto-antibody-mediated) conditions such a 
myasthenia 

gravis, immune complex excess syndromes such as systemic lupus 
erythematosus , 

ischemia-reperfusion states, hyper-acute rejection of 
transplants , organ 

failure conditions such as adult respiratory distress syndrome, 
Alzheimer ' s 

disease and related neurodegenerative disorders, among others. 
BSPR: 

Candinas et al . , describe the activation and depletion of 
complement by using 

cobra venom factor in conjunction with a recombinant soluble 
complement 

receptor type 1 protein (sCRl) , and the use of such molecules i 
treating 

hyperacute xenograft rejection. (Candinas, D. et al.. 
Transplantation 1996 

15; 62 (3) : 336-342 ) sCRl is a recombinant protein that has been 
shown to inhibit 

both the classical and alternative pathways of complement and 
thereby limits 

the production of proinflammatory products such as the 
anaphylatoxins 

(complement proteins C3a, C4a and C5a) . sCRl has also been 
described by Moore, 

F D Jr., as the first protein useful to treat adverse clinical 
situations which 

are complement-dependent, and further describes potential uses 
for sCRl to 

treat thermal injury, ARDS, septic shock, and 
ischaemia/reper fusion injury 

events such as myocardial infarction after thrombolytic therapy 
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Jr., Adv. Immunol 1994 56:267-299) U.S. Pat. No. 5,856,297, 
Fearon et al . , 

issued Jan. 5, 1999 claims pharmaceutical compositions 
comprising a CRl 

protein in various modifications and describes CRl and the 
recombinant form.s of 

the protein as being useful in the diagnosis and treatment of 
disorders 

involving complement activity and inflammation. 
DEPR: 

"As" described" above", -vaxxous *methods-have-been~"invest±gated ^± — - - 
inhibit 

complement activation. Wuillemin et al., J. Immunol 
15;159(4) :1953-60, (1997) , 

describes the use of glycosaminoglycans, such as heparin, to 
inhibit the 

interaction of complement component Clq with other complement 
activators and 

the assembly of the classical and alternative pathway C3 
convertases . 

Naturally occurring glycosaminoglycans such as dextran sulfates, 
heparin, 

N-acetylheparin, heparan sulfate, dermatan sulfate, and 
chondroitin sulfates A 

and C were studied to determine their effectiveness at inhibiting 
the 

deposition of C4 and C3 on immobilized aggregated human IgG and 
to reduce fluid 

phase formation of C4b/c and C3b/c. In the study it was 
concluded that 

glycosaminoglycans such as the low molecular weight dextran 
sulfate (m.w. 

5000) may serve as candidates for pharmacological manipulation of 
complement 

activation via potentiation of CI inhibitor. 
DEPR: 

By "abnormal and/or undesirable conditions" is meant any 
conditions that have 

an inflammatory, immune or autoimmune component associated with 
the activation 

of the complement cascade. An abnormal and/or undesirable 
condition can be, 

but is not limited to: myasthenia gravis, immune complex excess 
syndromes such 

as systemic lupus, erythematosus, ischemia-reperf usion states, 
angioedema, 

hyper-acute rejection of transplants, organ failure conditions 
such as adult 
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neurodegenerative disorders. Such conditions are generally 
determined by 
registered physicians. 
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ABSTRACT 



Oligomcric compounds are described wherein said com- 
pounds comprise modified oligonucleotides (P=S) which 
modulate complement activity. Methods and processes for 
the uses of such oligomcric compounds are also described, 

modulate complement activity in order to inhibit undesirable 
complement mediated events, such as for example, to treat 
inflammation, and/or to activate complement. 

3 Claims, 5 Drawing Sheets 
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1 2 

INHIUrriON OF COMPLEMENT IgO or IgM. Both pathways converge at the formation of C3 

ACTIVATION AND COMPLEMENT convertasc al which point an amplilication lakes place that 

MODULATION BY USE OF MODIFIED generates literally thousands of C3a and C3b Iragmcnis. C3b 

Ol JGONUCLIiOTIDES fragments can bind to complement protein complex C4b2a 

5 to form C4b2a C3b which is called C5 convertasc and 

RELD OF THE INVEmiON generates thousands of C5a and C5b fragments. C3b can 

^ . . . . t r • ty <»lso be used to regenerate C3 convertase which causes a 

TTiis invention concerns methods for the mhibilion and/or amplification of complement protein spUt product 

-modiilatioa ol the complement mediated immune response - C3a. Split prodticts C3a and C5a interact with receptors on 
using synthetic nucleic acid molecules. ITie nucleic acid ^g„, ^^^^^ .h^m to release histamine. Histamine 

molecules may be synthetic nucleic acid molecules, such as 3D j^j^^^^ inflammation which is generally con.sidcred 

oligonucleotides, wherein at least one of the e^er linkage protective, but in conditions characterized by improper 

moieties ol he oligonucleotide is replaced with a Ihioale eompleraent activation and/or regulation inflammation can 
linkage such as in for example phosphorolhioales. 1 he (p dama ged t issue. 

methods describcd-herein-are useruras thcrapies for treating :^ . , . — , r. — ~ z: — --r~ 

abnormal and/or undesirable conditions which can arise as a i, , ."PProach to mhibit corap ement mediated eflects is 

result of complement activation. Further uses as diagnostics " by depleting complement. Depleting coraplcmen involves 

and research reagents are also included in the present reducing the proteins responsible for the regeneration of^C3 
invention convertase and thereby reducing the amount of C3a 

and C5a produced. In lhi.s way complement is depleted or 

BACKGROUND OF THE INVEN TION ""sed up". One such method for depleting complement 

20 component C3 convertase involves allowing C3 convertase 

'ITie complement system is an important means by which jo form and then binding split product C3b in order to reduce 

a host defends itself agamst infection. The complement the further amplification of C3 convertase formation which 

cascade system is a component of the immune system that can lead to C5 convertase formation, 
helps provide a natural immunity against invading microbes 3„„„jgr approach for inhibiting complement the path- 

and IS also an effector arm of antibody mediated humoral ^5 ^ay is inhibited before the formalion of C3 convertase. 

immunity. Complement is respoasibk for^ activating cells inhibition of the formation of C3 converla.se limits the 

ana other molecules mvolved in tbe imiam.x,ato,y- proce« as production of split produces C3b and C3a and further limits 

weU as bemg directly related to the destruction of microbial ^^^^ formation of C5 convertase. Using this approach 

invaders. The activation of complement inyo Ives a cascade eompleraent activation is blocked rather than depleted. 
01 proteolytic reactions that lead to the release of inliam- j- .11 u j j 1 r 

r -J. , J i« • *u 11 ■ I • 1 w Candinas et al., describe the activation and depletion or 

matory mediators and result in the assembly of the microbial , * . • t_ 

membrane attack complexes which, in tuVn, ly,se invading ^^^Pl^™*"' ^y using cobra venom factor m conjunction 
microbial cells. This cascade system has been characterized f ^""I^'"'''" .f '""^'^ complement receptor type 1 

. • • . t , * A u . • protein (sCRl), and the use of such molecules in treatms 

as containing at least thirty serum and membrane proteins {, ^ - - - j- * i 'r 

, r , A \ v u 1 1 I hyperacute xenograft reiection. (Candinas, D. et al.. Trans- 

itiflt are activated hv flnlmnclv-antipen comnievRs nr hv \he. i'^ , . ^ _^ . ' , 

r • : K ^ *' ' '""Til ~''^' "u ' ~L -x^ plantation 1996 li;()Z(3):33b-342) sCKL is a recombinant 

invasion, in a host or experimentally jn culture, by a ^ , • . . u u » • u u-. u *u .l. i - i i 

. 5 • 1 1 1 , protein that has been shown to inhibit both the classical and 

microorganism, or other antigenic molecules. Complement u .u *: i . i . . i . 

• ° u J • * *i. 1 * • alternative pathways or complement and thereby limits the 

ptoleins may be grouped mto three general catcgoncs: oduction of proinflammatory products such as the ana- 
recuS '"^P'"'^' ^^''''"^ '"^ ""SaLve (complement proteins C3a, C4a and C5a). sCRl 

' ■ , . „ ... hasalsobeendescribedbyMoore,F Dir., as the first protein 

nie complement cascade consists of two major braDche,s. 40 useful to treat adverse clinical situations which arc 

the classical and alternative pathways. Though these path- complement-dependent, and further describes potential uses 

ways are mihated differently, they converge at the step of for sCRl to treat thermal injury, ARCS, septic shock, and 

complement protein C3 activation (see FIG. 5). The comple- ischaemia/reperfiision injury events such as myocardial inf- 

ment cascade can mediate undesirable cellular damage in ^^i^^^ ^f^^^ thrombolytic therapy. (Moore, F U Jr., Adv. 

inflammatory, immune or autoimmune (auto-antibody- 4, /„„„„„<,/ 1994 5(5:267-299) U.S. Pat. No. 5,8.56,297, Fearon 

mediated) conditions such as; myasthenia gravis, Lrimune ^^ ^i., issued jan. 5^ 1999 claims pharmaceutical composi- 

complex excess .syndromes such as .systemic lupus lions comprising a CRl protein in various modifications and 

erythematosus, ischeraia-reperfusion states, hyper-acute describes CRl and the recombinant forms of the protein as 

rejection of transplants, organ failure conditions such as being useful in the diagnosis and treatment of disorders 

adult re.spiratory distress syndrome,Alzheimer'.s disease and involving complement activity and inflammation, 
related neurodegenerative disorders, among others. ' gther proteins have been investigated for their usefulness 
Ascries of regulatory proteins arc involved in the control inhibiting or modulatini- complement. For in.stance 
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part ol the complement system and act to block endogenous ^ pig-to-primate cardiac xenotransplantation hyperacute 

comj^lcmcnt activity at either mitiation or the formation of rejection study. The study determined that Human IgG 
the membrane attack complex, various therapeutic agents " caused a dose-dependent decrease in deposition of complc- 

are being dcvcbped that block difterent steps in the comple- j^ient protein iC3b and a decrease in formation of C3 

tncnt cascade. convertase. Furthermore, the infusion of IgG was found to 

Complement is a group of serum proenzymes that are prevent hyperacute rejeclion of porcine hearts transplanted 

activated by antigen bound immunoglobulin or by mem- into the primates. Magee J. C. et al., J.Cf'mJiwest 1995 

brane components on gram negative bacteria or fungi. The 96(5):2404-241 2. U.S. Pat. No. 5,851,528, Ko et aL, issued 

alternative pathway of the complement system is initialized Dec; 22, 1998, U.S. Pat. No. 5,679,546, Ko et al , issued Oct. 

by either the introduction of an endotoxin such as 21, 1997, and U.S. Pat. No. 5,627,264, Fodor et al., issued 

lipopolysaccharide [LPS], a component of the cell walls of May 6, 1.997, describe chimeric proteias useful in inhibiting 

gram negative bacteria or for instance by /yinosan, a com- complement activation and describe methods to treat 
ponent of yeast cell walls, or by aggregated [gA. 65 adverse conditions related to complement mediated inflam- 

JTie classical pathway of the complement system is ini- malion. Sims, et al., U.S. Pat. No. 5,550,508, issued Aug. 27, 

tialixed by Complement protein CI binding to antigen bound 1996, describes polypeptides which act to inhibit comple- 
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nicnl C5b-9 cx)mplcx activity. The protein is an 18 kDA oligoniiclcolidc concentration, and I hereby provide a 

protein found on the surface of human erythrocytes and is method for modulating complement. The methods are also 

described as being useful in treating immune disease slates useful therapeutically for the treatment of abnormal and/or 

when administered in clTective amounts. undesirable conditions which can arise as a result of comple- 
Magee, J. C. ct al.,y. C///;. /mvA7. 1995 96(5):2404-12, 5 menl activation. Other uses for the methods presently 

investigated the uSe of immunoglobulin to prevent described, such as for example as diagnostics and research 

complement-mediated hyperacute rejection in swine-to- reagents, arc also included. 

primate xenotransplantation. In the study human IgG was llius in a first aspect, the present invention features 
added to human serum and was found to cause a dose- methods for modulating complement activation by indepen- 
depcndent decrease in the deposition of iC3b, cytotoxicity, jq dently administering to tissue, cells, cell/tissue culture, a 
and heparin sulfate release when the serum was incubated bodily fluid, or a biological sample, a modified oligonucle- 
with porcine endothelial cells. It appears as if the decrease otide in two different concentrations. Preferably, the first 
was caused by a decrease in the fonnation of C3 converlasc administered concentration initiates complement activation 
~o'n thc"^endbtheliar eel Is. 'Furthermorcrinfusion^of "purified and- the sccond^con cent ration -inhibits- complement- 
human IgCi into primates prevented hyperacute rejection of activation, although it is within the scope of (he invention to 
porcine hearts in a xenotransplantation. Magee et al., deter- have the first administered concentration inhibit comple- 
mined that such results support the use of IgG as a thera- ment activation and the second administered concentration 
peulic agent in humoral -mediated disease conditions. initiate complement activation. In an embodiment of the 
U.S. Pat. No. 4,374,831, Joseph ct al., issued Feb. 22, invention, the initiating concentration of modified oligo- 
1983, U.S. Pat. No. 4,087,548, Unhard et aL, issued May 2, nucleotide is no greater than 80 //g/ml, and more preferably 
1978, U.S. Pat. No. 4,021,545, Nair et al., issued May 3, between 50/fg/ral and 80/fg/ml, and the inhibitory concen- 
1977, and U.S. Pat. No. 3,998,957, Conrow et al., issued tration of modified oligonucleotide is at least 200 //g/ml. and 
Dec. 21, 1976, all describe chemical molecules which are ^orc preferably between 250 //g/ral and 300//g/mL 
useful as inhibitors and/or modulators of complement. Most preferably the inhibitory concentration is greater 
Josephe et al., describe Bis-((3-D-glucopyranosyl-loxy)- than the activating concentration. Within the scope of the 
arylene sulfate derivatives and methods for modulating 25 invention arc further concentrations determined through 
complement in a warm blooded animal using pharmaccuti- methods such a.s lit rati on v/ herein concentration i eve is arc 
cal compounds comprising such molecules. I^nhard et al., determined based on the condition or extent to which 
describe complement inhibitory compounds such as complement modulation is desired. 

C-substituted trisulfonic acids, acid ureides, and oxalyl in preferred embodiments the methods are performed in 

amides and methods for inhibiting the complement system 30 vitro or ex vivo and are preferably performed on a bodily 

m a warm blooded animal by administering complement fluid sample or a biological sample such as for example a 

mhibitory amounts of the compounds comprising such raol- mammalian blood or serum sample. More preferably the 

ecules. Nair et al., claim methods for inhibiting the complc- mammalian blood or serum sample is from a primate, and 

ment system in a warm blooded animal by using composi- niost preferably the sample is from a human. Withm this 

tions comprising Inulin poly(H-sulfate). Conrow ct al., embodiment the biological fluid sample includes samples of 

describe l,l'-[ureylenebis(sulfo-p-phcnylene)]bis{sulfo-lH, tissue or cells, wherein the sample also contains complement 

8H-indazolo{2,3,4-cde]benzotriazol-9-ium hydroxide}, bis components. 

(inner salts), and telra salts as useful complement inhibitors, i u r , *u ,u ^ c i - • 

^ ^ ^ In other embodiments the methods are performed in vivo 

In WO 95/32719 (1995), Galbraith describes the use of in a mammal Preferably the mammal is a primate and most 

phosphorothioate oligonucleotides for depleting comple- ^ preferably the primate is a human. 

ment The approach described involves administering, to a ^„ ^^^j.^.^^^j embodiment the present invention pro- 

pnmate, an ohgonucleohde 2 to 50 nucleotides in leri^h ^.^^^ ^^^^^^^^^ ^ human subject determined to 

containing at least one phosphorothioate intcrnuclcotide , u ^ ^ • 1 1 i-*- . ^ .1. 

VI Tu 1 .'if- 1 . • have an abnormal or undesirable condition associated with 

hakage, Ihereby simulating vasod.lation, and reducing eoraplement activation by administering a first and second 
complement activity by depleting complement. ^ , r 1 * i j u- u 1 

J J f b f concentration 01 an oligonucleotide compound which modu- 

Lin el al, WO 97/42317, describe oligonucleotides ' lates complement activity. Preferably the compound is 

(aptamers) having phosphorothioate and/or substituted administered in a first initiating concentration and a second 

phosphonate Imkages that are 37-61 base pairs in length inhibitory concentration. Tlic oligonucleotide preferably 

which bind complement protein C3b and may be used contains one or morx; phosphorothioate modifications. It is 

diagno-stically in vivo or in vitro to detect C3b in a biological prefeaed that the modulating concentrations are similar to 

sample. The aptamers may be used thcraixjutically to inhibit those di.scu.ssed above for both the first and second admin- 

undesirablc C3b- media ted complement events such as istration. 



i tieie iias been aud coniinues 10 be a long-fcit need lor arc performed ex vivo on a cell culture, tissue sample, bodily 

methods for the inhibition and/or modulation of the complc- fluid or a biological sample taken from a human. Mo.st 

ment mediated immune response asing modified oligonucle- preferably the methods are performed in vivo in a human 

otidc compounds that might incorporate modifications for subject having an abnormal or undesirable condition asso- 

miprovmg characteristics such as CQmpound stability and dialed with complement activation as determined by a 

cellular uptake. Such methods would be useful for thera- licensed physician 

peutically and prophyiaetically. as well as for diagnostic ^^^^^ 

I<Z fi'«,h'Tr f'=^8'="'^,'"'-'"^'"'8 ^'=''g""« 'he 60 feature an oligonucleotide which contains at least one phos- 

Study of both cellular and in Vitro events. , .1 • . /,j c\ i r 1 u- u 11. 

phorothioale (I^S) modincalion and which modulates 

SUMMARY OP THE INVENllON complement activity by initiating complement activation a I 

a first ohgonuclcolide concentration and inhibiting comple- 

Ihis invention relates to methods for modulating comple- ment activation at a second oligonucleotide concentration. 

ment activation. These methods incorporate using modified 65 The inhibition and initiation concentrations of the modified 

oligonucleotides capable of inhibiting complement acliva- oligonucleotide are independent and .separate measurements 

lion and/or initiating complement activation, depending on and are not considered to be the total concentration of 
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oligonuclcolidc in a sample or hosl. Whal is most preferred Pat. No. 4,657,866 to FCiimar, Suclhir. Inasmuch as a culture 

is that the first (initiating) concentration of the modified represents a group of cells being observed for effects relating 

oligonucleotide be lower than the second (inhibiting) con- lo cx)niplenicnl activation or inhibition, includal within the 

centration of the same oligonucleotide. scope of the invention arc cultures of cells on or in a host, 
It is preferred that the concentration of oligonucleotide 5 such as a mass of burned tissue or cells, or a tumor growth, 

required to initiate complement activation be less than or which must remain on or in the host to be propagated, 
equal to 80 //g/ml, and more preferably the concentration y^y th^. phrase '^monitoring complement activity" is meant 

_ required to initiate complement activation is between 50 measuring prcKlucts of the proteolytic complement cascade, 

//g/ml and 80 //g/mL Within this same aspect of the Such products to be measured include, but are not limited to, 

invention, it is presently preferred that the concentration of complement proteins: C5a, C3a, and C4a. Methods for 

oligonucleotide required to inhibit complement activation be measuring products of the complement cascade are dis- 

at least 200 //g/ml; more preferably the concentration closed hereinbelow and can include antibody specific label- 
required to inhibit complement activation is between 250 complement proteins C5A, C3a and C4a and per- 

jig/m\. and AO(L/'g/iPLIn jcgaixl Jo thc_ni^j_aM_sea>ncl forming-ELlSA-assays^^to-delerminc-thc-relative- 

concentrations of oligonucleotide the preferred cmbodi- concentration of the split products formed. In general moni- 

ments are not considered limitmg. toring of complement activity is perfonncd on a biological 

Included in the invention, arc methods for modulating sample that has been taken from a subject, patient or host, 

complement activation in a ccU culture, tissue or a bodily such as for example a serum or blood sample or other bodily 

fluid by administering a modified oligonucleotide compound fluid. 

which inhibits complement activation and which contains at ^^^^^^ invention are described within the 

least one phosphorothioate modification and is conjugated to 20 .inscription of the preferred embodiments. The summary of 
a complement activation inhibitory molecule. In preferred invention described above is not limiting and other 

embodiments the methods are performed in vitro or ex vivo f^.j^^es and advantages of the invention will be apparent 

and are preferably performed on a boddy fluid sample, cell f^om the following detailed description of the invention and 

culture or a biological sample such as for example a mam- ^j-om the claims 
malian blood or serum sample. More preferably the mam- 25 

malian blood or serum sample is from a primate, and most BRIEF DESCRIPTION OF lliE DRAWINGS 

preferably the sample is from a human. Within this embodi- 
ment the biological fluid sample includes samples of tissue The drawings will herein briefly be described, 
or cells, wherein the sample also contains complement FIG. 1 is a Hne graph which shows the activation of 

components. complement in monkey serum by the addition of 1 00 //g/ral 

Preferably, the modified oligonucleotide contains at least of a phosphorothioate ohgonuclcotide (ISIS 2302; SEQ ID 

one phosphorothioate modification and is conjugated to a N0:1) of the invention as measured by the amounts of 

complement activation inhibitory molecule. More prefer- complement components compared to baseline levels, 
ably the complement activation inhibitory molecule is a FIG. 2 is a line graph which shows tlie measurement of 

serum, vascular or celiular iigand, small compieraent bind- complement component C3a to determine complement acti- 
ing molecule, or a complement specific ligand. Most pref- " vation over a range of added concentrations of a phospho- 

erably the compieraent activation inhibitory molecule binds rothioate oUgonueleotide of the pre.sent invention (ISIS 

complement Factor H. Preferably, the modified oligonucle- 2302; SEQ ID N0:1) 

Glide 10 which the complemeni aclivalion inhibitory iboI- 3 j, 3 ^ which shows the inhibition of 

eaileisboundisupto«)ohgonuclcoticlesiDleiigth;itim^ complement activation as measured by the amount of 

preferred embodamcnls the raodihcd ohgonucleotidc which 40 ignjej,, component C3a in monkey serum after stimu- 

mhibits complemeiit activation is between 8 and 30 nucie- ,3,; complement activation with cobra venom factor or 

otides m length. In an addmonal aspect, the invention zymosan. Inhibition is measured over a concentration range 

features a modified oligonucleotide compound whidi mhib- ^j^^^ phosphorothioate oligonucleotide (ISIS 2302; SEQ 

Its complement activation. ^ j^q.^j described herein. 

In other embodiments the methods are performed in vivo 45 m/-. a ■ <■ u u- u u .u ■ 1 -u-.- r 

, „ r 1 1 .1 1 • • . 1 . rlG. 4 IS a line graph which shows the inhibition of 

in a mammal. I'relcrably the mammal is a primate and most „ 1 „ . .■ „ 11 .u „ . r 

^ , complement activation as measured by the amount of 

prelerably the primate is a human. , . . r^-> ■ u c. .■ 

,„ ■' " , , complement component C3a in human serum after stimu- 

l^ie term ••independently administering as used herein ,3,; complement activation with cobra venom factor or 

means providing one concentration (mhibitory or initiating) Inhibition is measured over a coiKcnlration range 

of iTiodificd oligonucleotide lo the host and/or host cells at 50 of added phosphorothioate oligonucleotide (ISIS 2302; SEQ 

a time m order to modulate complement activity. Tlic ^0:1) as described herein. 

manner in which the modified oligonucleotide is adminis- ^ , , • • . 

<,■.,.:! ......yl,„.-,.!.y;„J I'.vv.i..! is ,k.I ii'.uilu.! lo. inl.;.v.-,i.,iL.. . ' •"••■''■•"'"••'■'■ '•.■ivrs.,-.l;,!.>., •>! v.- '•..•,.;,!. 

infusion, needle injection, topical, necdlc-frec injection as 

in, for example, an injection using a device like the Mcdi- DETAILED DESCRIPTION OF PREFERRED 

Jcctor''", and by aliquols using a pipette or similar device. " EMIJODIMEN TS 

By use of term ''culture*' is meant the propagation of cells. 
Various culture methods exist and are included within the Complement comprises a proteolytic cascade of .scrum 

scope of the invention, methods such as, but not limited to, "nd membrane proteins which are part of the immune 

tissue culture methods, batch culture methods, enrichment system and are responsible for protecting hosts against 

culture methods, and ex vivo culture methods. In all culture foreign pathogens. 

methods the cells to be propagated should be in~a nutritive ITic complement system has pcnvcrful cytolytic activity 

environment which allows for continued cell growth, which can damage an individual's own cells and should 

complement activation and/or inactivation. Tissue and cell therefore be a target for modulation in order to reduce injury 

culture methods arc well understood in the art as these in various autoimmnni: events. In most ca.scs individuals 
methods have been regularly practiced in various scientific 65 possess proteins which can control the extent of complement 

fields for years. Such cultures may be propagated in natural activation in .serum or on the .surfaces of "self" cells. Mo.sl 

serum or in artificial semm as described for example in U.S. of the proteins which inhibit complement activation in 
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scrum serve to limit the generation of complement Irag- 
mcnls such as CAb and C3b. Proteins such as C l-inhihilor, 
C4-biiKling protein, Factor H, and ractor I serves as normal 
inhibitors ol: complement in "normal" individuals. In an 
non-limiting example, CI inhibitor is not present due to a 5 
genetic deletion or point mutations that produce an inactive 
form and results in hereditary angioedema of which there is 
also an acquired form usually due to auto-antibody to CI 
I NIL In such an abnormal condition such as angioedema as 
in others there is a need to help modulate complement in 
order to reduce the damage that can occur. 

As described above, various methods have been investi- 
gated to inhibit complement activation. Wuillemin et al.,y. 
. ImmimoL i5;159(4): i953-i60,. (1 99.7),^describes_aie_use .of ^ 
glycosaminoglycans, such as heparin, to inhibit the interac- 
tion of complement component Clq with other complement 
activators and the assembly of the classical and alternative 
pathway C3 convcrtases. Naturally occurring glycosami- 
noglycans such as dextran sulfates, heparin, 
N-acetylheparin, heparan sulfate, dermatan sulfate, and 
chondroitin sulfates A and C were studied to determine their 20 
effectiveness at inhibiting the deposition of C4 and C3 on 
immobihzed aggregated human IgG and to reduce fluid 
phase formation of C4b/c and C3b/c. In the study it was 
concluded that glycosaminoglycans such as the low molecu- 
lar weight dextran sulfate (m.w. 5000) may serve as candi- 25 
dates for pharmacological manipulation of complement acti- 
vation via potentiation of CI inhibitor. 

We have found that activation of the alternative pathway 
of complement occurs following the intravenous infusion of 
modified oligodeoxy nucleotides (P=S oligo). By using 
monkey scrum and whole blood we determined that modi- 
fied oligonucleotides cause an increase in complement prod- 
ucts Bb, C3a, and C5a. The concentration that was found to 
activate complement in these experimental systems was 
found to be up to roughly 50 /(g/'mi. By using the same 
modified oligonucleotide (ISIS 2302; SEQ ID NO:l) it was 
determined that at concentrations of roughly 250 ,i/g/ml and 
greater complement activation was inhibited in both the 
classical and alternative pathways as indicated by a reduc- 
tion in complement components Bb, C3a, and C5a. 

The present invention provides methods for modulating 40 
complement activity using modified oligonucleotides. ITie 
invention provides methods for using modified oligonucle- 
otides which involve administering the oligonucleotides at 
one concentration to initiate complement activation and at 
another concentration to inhibit complement activation. The 45 
oligonucleotides of the present invention are modified to 
have improved pharmacokinetic properties. The methods 
described herein are useful as therapeutics for the treatment, 
prevention or diagnosis of abnormal and/or undesirable 
conditions which can arise as a result of complement medi- «;q 
a ted inflammatory e fleets. 

By "abnormal and/or undesirable conditions" is meant 

autoimmune component associated with the activation of the 
complement cascade. An abnormal and/or undesirable con- 
dition can be, but is not limited to: myasthenia gravis, 
immune complex excess syndromes such as systemic lupas, 
erythematosus, ischemia -re perfusion states, angioedema, 
hyper-acute rejection of transplants, organ failure conditions 
such as adult respiratory distress syndrome, Alzheimer's 
disease and related neurodegenerative disorders. Such con- 
d it ions arc generally determined by registered physicians. 

Other envi.sioned treatments are for conditions in which a 
ho.st is invaded by a foreign body which avoids the comple- 
ment system and which may be targeted by an oligonucle- 
otide according to the present invention in order to activate 65 
the complement system and eliminate the invading mol- 
ecule. 



Modifications of Oligonucleotides 

In the context of this invention, the term "oligonucle- 
otide" refers to an oligomer or polymer of ribonucleic acid 
or deoxyribonucleic acid. This term includes oligonucle- 
otides composed of naturally-occurring nucleobascs, sugars 
and covalent intersugar (backbone) linkages as well as 
oligonucleotides having non-naturally-occurring portions 
which function similarly. Such "modified" or substituted 
ohgonucleotides are often preferred over native forms 
because of desirable properties such as, for example, 
enhanced cellular uptake, enhanced binding to target, 
increased stability in the presence of nucleases and an 
iticrease in bioavailability. In the present invention, oligo- 
nucleotides having at least one phosporothioate modification 
"are pneferred: " — — 

Within the concepts of "oligonucleotides" and "modified" 
ohgonucleotides, the present invention also includes com- 
positions employing oligonucleotide compounds which are 
chimeric compounds. "Chimeric" oligonucleotide com- 
pounds or "chimeras," in the context of this invention, are 
nucleic acid compounds, particularly oligonucleotides, 
which contain two or more chemically distinct regions, each 
made up of at least one monomer unit, i.e., a nucleotide in 
the case of an oligonucleotide compound. ITiese oligonucle- 
otides typically contain at least one region wherein the 
oHgonucleotide is modified so as to confer upon the oligo- 
nucleotide increased resistance to nuclease degradation, 

sequence known to modify complement activation. An addi- 
tional region of the oligonucleotide may serve as a substrate 
for enzymes capable of cleaving RNA:DNA or RNA:RNA 
hybrids. By way of example, RNase H is a cellular cndo- 
nuclease which cleaves the RNA strand of an RNA:DNA 
duplex. Activation of RNase H, therefore, results in cleavage 
of the RNA target, thereby greatly enhancing the efficiency 
of oligonucleotide inhibition of gene expression. 
Consequently, comparable results can often be obtained with 
shorter oligonucleotides when chimeric oligonucleotides are 
used, compared to phosphorothioate oligodeoxy nucleotides 
hybridizing to the same target region. Cleavage of the RNA 
target can be routinely detected by gel electrophoresis and, 
if necessary, associated nucleic acid hybridization tech- 
niques known in the art. RNase H- mediated target cleavage 
is distinct from the use of ribozyraes to cleave nucleic acids . 

By way of example, such "chimeras" may be "gapmers," 
i.e., oligonucleotides in which a central portion (the "gap") 
of the oligonucleotide serves as a substrate for, e.g., RNase 
H, and the 5' and 3' portions (the "wings") arc modified in 
such a fashion so as to have greater affinity for, or stability 
when duplexed with, the target RNA molecule but are 
unable to support nuclease activity (e.g., 2'-fluoro- or 
2'-methoxyethoxy-substituted). Other chimeras include 
"hemimers," that is, oligonucleotides in which the 5' portion 
of the oligonucleotide serves as a .sulxstrate for, e.g., RNase 
H, whereas the 3' portion is modified in such a fashion so as 

the target RNA molecule but is unable to support nuclease 
activity (e.g., 2 -fluoro- or 2'-mcthoxyethoxy- substituted), 
or vice-versa. 

A number of chemical modifications to oligonucleotides 
that confer greater oligonucleotide :RN A duplex stability 
have been described by Freier et at. (NitcL Acids Has,, 1997, 
25, 4429). Such modifications are preferred for the RNase 
1 1-rcf raclory portions of cliiraeric oligonucleotides and may 
generally be used to enhance the aliiriity of an anti.sense 
compound for a target RNA. In this way, in a preferred 
embodiment, a chimeric molecule compri.sed of a modilied 
oligonucleotide which modulates complement and an anti- 
sense portion may be administered in order to target a 
specific RNA molecule and mcxlulatc complement mediated 
adverse effects. 
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Chimeric motliliecl oligonucleotide comjx>nnds of ihc 
invention may lie fomicd as com[X)sitc structures of two or 
more oligonucleotides, modified oligonucleotides, nligo- 
nucleosidcs and/or oligonucleotide niimclics as described 
alxwe, ligand-oligo nucleotide coast ructs, or complement ^ 
protein -oligonucleotide constructs as described herein. 
Some of these compounds have also been referred to in the 
art as hybrids or gapmers. Representative United States 
patents that teach the preparation of some of these hybrid 
structures include, but are not limited to, U.S. Pat. Nos, 
5,013,830; 5,149,797; 5,220.007; 5,256,775; 5,366,878; lO 
5,403,711; 5,491,133; 5,565,350; 5,623,065; 5,652,355; 
5,652,356; and U.S. Pat. No. 5,7a),922, certain of which are 
commonly owned, and each of wMchjsJicrwijncorporajc^^ 
by reference, and commonly owned and allowed U7S. patent 
application Ser. No. 08/465,880, liled on Jun. 6, 1995, now 
U.S. Pat. No. 5,955,589 also herein incorporated by refer- 
ence. 

Modifications to an oligonucleotide molecule can alter the 
concentration of the molecule required to elicit the effect for 
which the molecule is designed. Non limiting examples 
include varying the amount of phosphorothioate linkages in 
the oligonucleotide or altering the oligonucleotide base 
composition and chemistry such as in the preparation of 
CpG oligodeoxynucleotides as described by Krieg et al.. 
Nature 1995 374:546-549, Weiner et al.y^roc. Nail Acad, 
ScL USA 1997 94:10833-10837, Liu, MM et a[,,Blood 1998 25 
i5;92(10):3730-3736, Boggs, RT et aI, Aniisense Nucleic 
Acid Drug Dev 1997 7(5):461^71, and Kline et al., J.lm- 
munol 1998 15;160(6):2555-2559, which are all hereby 
incorporated herein in their entirety including any figures 
and drawings. 30 

The present invention also includes compositions 
employing oligonucleotides that are substantially chirally 
pure with regard to particular po.sitions within the oligo- 
nucleotides. Examples of substantially chirally pure oligo- 
nucleotides include, but are not limited to. those having 35 
phosphorothioate linkages that are at least 75% Sp or Rp 
(Cook et al., U.S. Pal. No. 5,587,361) and those having 
substantially chirally pure (Sp or Rp) alkylphosphonate, 
phosphoramidatc or phosphotri ester linkages (Cook, U.S. 
Pat, Nos. 5,212,295 and 5,521^02). 

Oligonucleotides may contain modificatioiis of the back- 
bone sugar and/or nucleobase, singly or in combination. 
Specific examples of some preferred backbone modified 
oligonucleotides envisioned for this invention include those 
containing phosphorolhioates (P==S oligonucleotides), 
phosphotriesters, methyl phosphonatcs, short chain alkyl or 45 
cycloalkyl intersugar linkages or short chain hetcroatomic or 
heterocyclic intersugar linkages. Oligonucleotides having 
modified backbones include those that retain a phosphorus 
atom in the backbone and those that do not have a phos- 
phorus atom in the backbone. For the purposes of this 
siKcification, and as sometimes referenced in the art, modi- 
fied oligonucleotides that do not have a phosphorus atom in 

oligonucleo.sides. 

Preferred modified oligonucleotide backbones include, 
for example, phosphorothioalcs, chiral phosphorolhioates, 
phosphorodithioates, phosjihotriesters, 
aminoalkylphosphotriestcrs, methyl and other alkyl phos- 
phonatcs including 3'-alkylcnc phosphonatcs and chiral 
phosphonatcs, phosp hi nates, phosphoramidatcs including 
3!-amino . _ phosphoramidatc and 
aminoalkylphosphoramidates, thionophosphoramidates, 
ihionoalkyi phosphonatcs, thionoalkylpho-sphotriesters, and 
borano-pho.sphatcs having normal 3'-5' hnkages, 2'-5' linked 
analogs of these, and those having inverted polarity wherein 
the adjacent pairs of nucleoside units arc linked 3'-5' to 
5 '-3 'or 2'-5* to 5 '-2', Various salts, mixed salts and free acid 
forms are also included. 



Representative United States patents that leach the prepa- 
ration of the above phosphonis-containing linkages include, 
but are not limited to, U.S. Pat. Nos. 3,687,808; 4,469,863; 
4,476301; 5,023.243; 5,177,196; 5,188.897; 5,264,423; 
5,276,019; 5,278,302; 5,286,717; 5,321,131; 5,399,676; 
5,405,939; 5,453,496; 5,455,233; 5.466,677; 5,476,925; 
5,519,126; 5,536,821; 5,541,306; 5,550,111; 5,563,253; 
5,571,799; 5,587,361; and 5,625,050, certain of which are 
commonly owned with lhis"application,~and each of which 
is herein incorporated by reference. 

Preferred modified oligonucleotide backbones that do not 
include a phosphorus atom therein have backbones that are 
formed by short chain alkyl or cycloalkyl intemucleoside 
linkages, mixed hetcroatom and alkyl or cycloalkyl intcr- 
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nucleoside"liiikages, or one 7)rmore^h6rt ch~aih"hettrrtTat~ 
omic or heterocyclic intemucleoside linkages, lliese include 
those having morpholino linkages (formed in part from the 
sugar portion of a nucleoside); siloxane backbones; sulfide, 
sulfoxide and sulfone backbones; form acetyl and thiofor- 
macctyl backbones; methylene formacetyl and thiofor- 
macelyl backbones; alkene containing backbones; sulfaraatc 
backbones; methyleneimino and methylenehydrazino back- 
bones; sulfonate and sulfonamide backbones; amide back- 
bones; and others having mixed N, O, S and CH^ component 
parts. 

Representative United States patents that teach the prepa- 
ration of the above oligonucleosides include, but are not 
limited to, U.S. Pal. Nos. 5,034,506; 5,166,515; 5,185,444; 
5,214,134; 5,216,141; 5,235,033; 5,264,562; 5,264,564; 
5,405,938; 5,434,257; 5,466.677; 5,470,967; 5,489,677; 
5,541,307; 5,561,225; 5,596,086; 5,662,24(); 5,610,289; 
5,602,240; 5,608,046; 5,610,289; 5,618,704; 5,623,070; 
5,663,312; 5,633,360; 5,677,437; and 5,677,439, certain of 
■ which are commonly owned with this application, and each 
of which is herein incorporated by reference. 

In other preferred oligonucleotide miraelics. both the 
sugar and the intemucleoside linkage, i.e., the backbone, of 
ihe nucleotide units are replaced with novel groups. The 
base units are maintained for h>'bridization with an appro- 
priate nucleic acid target compound. One such oligomeric 
compound, an oligonucleotide mimetic that has been shown 
to have excellent hybridization properties, is referred to as a 
peptide nucleic acid (PNA). In PNA compounds, the sugar- 
backbone of an ofigonucleotide is replaced with an amide 
containing backbone, in particular an arainoethylglycine 
backbone. The nucleobases are retained and are bound 
directly or indirectly to aza nitrogen atoms of the araide 
portion of the backbone. Representative United States pat- 
ents that teach the preparation of PNA compounds include, 
but are not limited to, U.S. Pat. Nos. 5,539,082; 5,714,331; 
and 5,719,262, each of which is herein incorporated by 
reference. Further teaching of PNA compounds can be found 
in Nielsen et al.. Science, 1991, 254, 1497-15(J0. 

Other preferred embodiments of the invention arc oligo- 
nucleotides with phosphorothioate backbones and oligo- 

~CH^— NM— O— CHo— , — CI-K— N(CIl3)— O— CM.— 
[known as a methylene mcthylimino) or MM I backbone], 
— CH.— O— N(CH3)— CIK— , — CH.— N(CH3)— N 
(CH3)'~C1L— and — O— N(CH3)— CH.—CIL— 
[wherein the native pho.sphodiesler backbone is represented 
as— 0— P— O— CIL— ] of the above referenced U.S. Pat. 
No. 5,489,677, and the amide backbones of Ihe above 
referenced U.S. Pat. No, 5,602,240. Also preferred are 
oligonucleotides having morpholino backbone structures of 
the above-referenced U.S. Pat. No. 5,034,506. 

Modified oligonucleotides may also contain one or more 
substituted .sugar moieties. Preferred oligonucleotides a>m- 
prisc one of the following at the 2' position: OH; V\ O — , 
S— , or N-alkyI; O— S— , or N-alkenyl; O— , S— or 
N-alkynyl; or O-alkyl-O-alkyI, wherein the alkyl, alkcnyl 
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and alkynyl may be substilutcd or iinsubstiliitcd Cj^ to Cjg 
alkyl or lo Cj^ alkcnyl and alkynyl. Particularly preferred 
arc 0[(CM,)„0LC1I„ 0(CI-U)„0CH3, 0(CH,)„NH„ 
0(CI-L)„CIl3, 0(CH2)„0NH., and 0(CI l2X,ON[(CH2) 
^CI'L,)]-., where n and m arc from 1 to about 10. Olhcr 
preferred oligonucleotides comprise one of the tollowing at 
tlic 2' position: to C^q lower alkyl, substituted lower 
alkyl, alkaryl, aralkyl, 0-alkaryl or O-aralkyl, SH, SCH3, 
GGN, CI, Br, GN, CIV, OCF3, SOCH3, SOXH3, ONO., 
NO2, N3, NHo, heterocycloalkyl, heterocycloalkaryl, 
arainoalkylamino, polyalkylamino, substituted silyl, an 
RNA cleaving group, a reporter group, an intercalator, a 
group for improving the pharmacokinetic properties of an 
oligonucleotide, or a group for improving the pharmacody- 
-namic proper ties-of an- oligODUcleot ide,-and-other"Subslitu- 
ents having similar properties. A preferred modification 
includes 2'-melhoxyethoxy (2'-0 — CH2CH2OCH3, also 
known as 2'-0 — (2-methoxyethyl) or 2'-M0E) (Martin et 
al., Helv. Chim. Acta, 1995, 78, 486-504) i.e., an alkoxy- 
alkoxy group. A further preferred modification includes 
2'-dimethylaminooxyethoxy, i.e., a 0(CH2)20I^(CH3)2 
group, also known as 2'-DMA0E, as described in examples 
hereinbelow, and 2'-dimethylaminoethoxyethoxy (also 
known in the art as 2'-0-dimethylaminoethoxyethyl or 
2'-DMAE0E), i.e., 2'-0— CH.— O— CH2— N(CH2)2, also 
described in examples hereinbelow. 

Other preferred modifications include 2'-raethoxy (2'-0 — 
nu \ o»_omioot^ro.ir^v.. /o'.orw I^M MM ^ ^.nH 

2'-fluoro (2 -F). Similar modifications may also be made at 
other positions on the oligonucleotide, particularly the 3' 
position of the sugar on the 3' terminal nucleotide or in 2'-5* 
linked oligonucleotides and the 5' position of 5* terminal 
nucleotide. Oligonucleotides may also have sugar mimetics 
such as cyclobutyl moieties in place of the pentofuranosyl 
sugar. Representative United Stales patents that teach the 
preparation of such modified sugar structures include, but 
are not limited to. U.S. Pat. Nos. 4,981,957; 5,118,800; 
5,319,080; 5,359,044; 5,393,878; 5,446,137; 5,466,786; 
5,514,785; 5,519,134; 5,567,811; 5,576,427; 5,591,722; 
5,597,909; 5,610,300; 5,627,053; 5,639,873; 5,646,265; 
5,658,873; 5,670,633; and 5,700,920, certain of which are 
commonly owned with the instant application, and each of 
which is herein incorporated by reference in its entirety. 

Oligonucleotides may also include nucleobase (often 
referred to in the art simply as "base") modifications or 
substitutions. As used herein, "'unmodified" or "natural" 
nucleobases include the purine bases adenine (A) and gua- 
nine (G), and the pyrimidine bases thymine (T), cytosine (C) 
and uracil (U). Modified nucleobases include other synthetic 
and natural nucleobases such as 5-mcthylcytosine (5-me-Q, 
5-hydroxyracthyl cytosine, xanthine, hypoxanthine, 
2-aminoadenine, 6-methyI and other alkyl derivatives of 
adenine and guanine, 2- propyl and other alkyl derivatives of 
adenine and guanine, 2-thiouracil, 2-thiothymin6 and 
2-thiocytosine, 5-halouracil and cytosine, 5-propynyl uracil 

(pseiidouracil), 4-thiouracil, 8-halo, 8-amiuo, 8-thiol, 
8-thioalkyi, 8-hydroxyl and other 8-sub.st it u ted adenines and 
guanines, 5 -halo particularly 5-bromo, 5 -tritluoro methyl and 
other 5-sub.stitutcd uracils and cytosines, 7-methylguanine 
and 7-methy lade nine, S-azaguanine and 8 -a za adenine, 
7-deazaguaninc and 7-deazaadenine and 3-deazaguanine 
and 3 -deaza adenine. Further nucleobases include those dis- 
closed in U.S. Pat. No. 3,687,808, those disclosed in TJie 
Concise Encyclopedia Of Polymer Science And 
Engineering, pages 858-xS59, Kxoschwitz, J. 1., ed. John 
Wiicy & Sons, 1990, those disclosed by Englisch ct al., 
Angewandte Chemie, International Edition, 1991, 30, 613, 
and those disclosed by Sanghvi, Y. S., Chapter IS^Anlisense 
Research and Applications, pages 289-302, Crooke, S. W 
and Ixbleu, H. , ed., CRC l>rcss, 1993. Certain of these 
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nucleobases arc particularly useful for increasing the bind- 
ing alHnity of the oligomeric compounds of the invention. 
Thuse include 5-sul>stitulcd pyrimidincs, 6-azapyrimidines 
and N-2, N-6 and 0-6 substituted purines, including 
. 2-aminopropyl-adenine, 5 -propyny 1 uraci 1 and 
5-propynylcytosine. 5-methylcytosine substitutions have 
been shown to increase nucleic acid duplex stability by 
0.6-1.2° C. (Sanghvi, Y. S., Crooke, S. T. and Lcblcu, B., 
cds., A nti sense Research and Applications, CRC Press,-Boca 
Raton, 1993, pp. 276-278) and are presently preferred base 

10 substitutions, even more particularly when combined with 
2-0-methoxyethyl sugar modifications. 

Representative United Slates patents that teach the prepa- 
ration of certain of the above noted modified nucleobases as 

well- as other-modified-nucleobases-include,-but -are-not 

^5 limited to, the above noted U.S. Pat. No. 3,687,808, as well 
as U.S. Pat. Nos. 4,845,205; 5,130,302; 5,134,066; 5,175, 
273; 5,367,066; 5,432,272; 5,457,187; 5,459.255; 5,484, 
908; 5,502,177; 5,525,711; 5,552,540; 5,587,469; 5,594, 
121, 5,596,091; 5,614,617; and 5,681,941, certain of which 
are commonly owned with the instant application, and each 
of which is herein incorporated by reference, and U.S. Pat. 
No. 5,750,692, which is commonly owned with the instant 
application and also herein incorporated by reference. 

Another modification of the oligonucleotides of the inven- 
tion involves chemically linking to the oligonucleotide one 

^ or more moieties or conjugates which enhance the activity, 
cellular distribution or cellular ui)take of the cliixonucie- 
otidc. Such moiefies include but are not limited to lipid 
moieties such as a cholesterol moiety (Lctsinger et al., Proc, 
Natl. Acad. Sci. OTA, 1989, 86, 655^6556), cholic acid 

30 (Manoharan et al., Bioorg. Med. Cheni. Let., 1994, 4, 
1053-1060), a thioethcr, e.g., hexyl-S-tritylthiol 
(Manoharan et ai., Ann. N.Y.Acad. Sci., 1 992, 660, 306-309; 
Manoharan ct al., Bioorg. Med. Chem. Let., 1993, 3, 
2765-2770), a thiocholeslerol (Oberhauser el al., Nncl. 

35 Acids Res., 1992, 20, 533-538), an aliphatic chain, e.g., 
dodecandiol or undecyl residues (Saison-Behmoaras et al., 
EMBOJ., 1991, 10, 1111-1118; Kabanov et ^\.,FEBS Lett., 
1990, 259, 327-330; Svinarchuk et al., Biochimie, 1993, 75, 
49-54), a phospholipid, e.g., di-hexadecyl-rac-glycerol or 
triethyl-amraonium l,2-di-0-hexadecyl-rac-glycero-3-H- 

^ phosphonate (Manoharan et al.. Tetrahedron Lett., 1995, 36, 
3651-3654; Shea et al., Nucl Acids Res., 1990, 18, 
3777-3783), a polyamine or a polyethylene glycol chain 
(Manoharan et al.. Nucleosides & Nucleotides, 1995, 14, 
969-973), or adamantane acetic acid (Manoharan et al., 

45 Tetrahedron Utt., 1995, 36, 3651-3654), a palmilyl moiety 
(Mishra et al., Biochim. Biophys. Acta, 1995, 1264, 
229-237), or an octadecyl amine or hexylamino-carbonyl- 
oxychole.slerol moiety (Crooke el al., 7. Phanuacoi Exp. 
Then, 1996, 277, 923-937. 

50 Representative United States patents that teach the prepa- 
ration of such oligonucleotide conjugates include, but are 
not limited to, U.S. Pal. Nos. 4.828,979; 4,948,882; 5,218, 

Ill, 5,580,731; 5,580,731; 5,591,584; 5,109,124; 5,118, 
„ 802; 5,138,045; 5,414,077; 5,486,603; 5,512,439; 5,578, 
" 718; 5,6C»8,(»46; 4,587,044; 4,605,735; 4,667,025; 4,762, 
779; 4,789,737; 4,824,941; 4,835,263; 4,876,335; 4,904, 
582; 4,958,013; 5,082,830; 5,112,963; 5,214,136; 5,082, 
830; 5,L12,963; 5,214,136; 5,245,022; 5,254,469; 5,2.58, 
506; 5,262,536; 5,272,250; 5,292,873; 5,317,098; 5,371, 
241, 5,391,723; 5,416,203, 5,451,463; 5,510,475; 5,512, 
667; 5,.514,785; 5,565,552; 5,567,810; 5,574,142; 5,585, 
481; 5,587,371; 5,595,726; 5,597,696; 5,599,923; 5,599,928 
and 5,688,941, certain of which are commonly owned with 
the instant application, and each of wtiich is herein incor- 
65 porated by reference. 

It is not necessary for all positions in a given compound 
to be uniformly modified, and in fact more than one of the 
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aforementioned modifications may l>c incorporated in a range of 10'' to 10*' M"\ Association constants for ligands 

single compound or even at a single nucleoside within an with a- 1 -acid glycoprotein arc similar to those for MS A. 

oligonucleotide. At least for therapeutic purposes, oligonucleotides should 

Another preferred additional or alternative modification have a degree of stability in serum to allow dislribulion and 

of the oligonucleotides of the invention involves chemically ^ cellular uptake. The prolonged maintenance of therapeutic 

linking to the oligonucleotide one or more lipophilic moi- levels of oligomeric agents in serum will have a signilicant 

elies which enhance the cellular uptake of the oligonucle- efl'ect on the distribution and cellular uptake and unlike 

otide. Such lipophilic moieties may be linked to an oligo- conjugate groups that target specific cell receptors the 

nucleotide at several different positions on the increased serum stability will affect all cells. Numerous 

oligonucleotide. Some preferred positions include the 3' eflbrts have focii.sed on increasing the cellular uptake of 

position of the sugar of the 3' terminal nucleotide, the 5* lo oligonucleotides including increasing the membrane pe mie- 

posit ion of the sugar of the 5* terminal nucleotide, and the 2' ability via conjugates and cellular delivery of oligonucle- 

position of the sugar of any nucleotide. The position of otides. 

a purine nuclcobase may also be utilized to link a lipophilic Many drugs reversibly bind to plasma proteins. A repre- 

moicty~to~an~"6ligonucledtide"^f the"invehtioh ^(Gebe'yeliu, ~ ^entative listTwliich'is not rrieant tb bc^inclusiveTincIudes: 

G.y oi iil.. Nucleic Acids Res. f 1987 y 15 y 451'^). Such \ipo- -j*; aspirin, warfarin, phenylbutazone, ibuprofen, suprofen, 

phi lie moieties include but are not limited to a chole.steryl fenbufen, ketoprofen, (S)-(-f-)-pranoprofen, carprofen, 

moiety (Ixtsinger et al., Proc. Natl Acad, Sci, USA, 1989, dansylsarcosine, 2,3,5-triiodobcnzoic acid, flufenamic acid, 

86, 6553), cholic acid (Manoharan ct al., Bioorg. Med. folinic acid, benzothiadiazides, chlorothiazide, diazepines 

Chem. Let.^ 1994, 4, 1053), a thioether, e.g., hexyl-S- (such as for example fludiazepam and diazepam) 

lrityllhiol(Manoharanet al.,/i«/7. MXv4crtrf. 5c/., 1992, 660, indoraeihacin, barbiturates (such as for example 

306; Manoharan et al., Bioorg. Med. Chem. Let., 1993, 3, quinalbarbitone), cephalosporins, sulfa drugs, antidiabetics 

2765), a thiocholesterol (Oberhauser ct aL, Nucl. Acids Res., (such as for example tolbutamide), antibacterials (such as for 

1992, 20, 533), an aliphatic chain, e.g., dodecandiol or example a group of quiaolones; nalidixic acid and 

undecyl residues (Saison-Behmoaras ct al.,/:Af50y., 1991, cinoxacin) and several antibiotics. Serum albumin is the 

10, 111; Kabanov et aL, FEBS Lett., 1990, 259, 327; most important protein among all plasma proteins for drug 

Svinarchuk el BiochimiCj 1993, 75, ^9), a phospholipid, 25 binding, although binding to other proteins (for example, 

e.g., di-bexadecyi-rac-glyceroi or iriethyiammonium 1,2-di- macrogiobulin Gj, immunoglobuiins, iipoproteins, alpha-1- 

O-hcxadecyl-rac-glycero-3-H-phosphoDate (Manoharan ct acid glycoprotein, thrombin) is also important, 

al.. Tetrahedron Lett.^ 1995, 36, 3651; Shea et al., A^«c/. Li gands that bind serum, vascular or cellular proteias may 

Acids Res., 1990, 18, 3777)^ a polyamine or a polyethylene be attached via an optional linking moiety to one or more 

glycol ch;xin (Manoharan a Nucleosides & Nucleotides, 30 sites on an oligonucleotide of the invention. These sites 

1995, 14, 969), or adamantane acetic acid (Manoharan et al., include one or more of, but are not Hraited to, the 2' position, 

Tetrahedron Lett., 1995, 36, 3651), a palmityl moiety 3 -position, 5'-position, the internucleotide linkage, and a 

(Mishra ct al^Biochint. Biophys, Acta, 1995, 1264, 229), or nuclcobase atom of any nucleotide residue, 'llie attachment 

an octadecylamine or hexylamino-carbonyl-oxycholesterol of ligands to such structures can be performed, according to 

moiety (Crooke ct al.,7. P//(7/7?/rtCo/. &y;. TY/e/:, 1996, 277, some preferred embodiments of the invention, using a 

923). Oligonucleotides comprising lipophilic moieties, and linking group, or without the use of such a linking group, 

methods for preparing such oligonucleotides, as disclosed in Preferred linking groups of the invention include, but arc not 

U.S. Pat. Nos. 5,138,045, 5,218,105 and 5,459,255, the limited to, 6-aminoalkoxy linkers, 6-aminoalkylaniino 

contents of which are hereby incorporated by reference in linkers, cysteamine, heterobifunctional linkers, homobifunc- 

their entirety. tional linkers, and a universal linker (derived from 

In other preferred embodiments the compound may be a ^ 3-dimethoxytrityloxy-2-aminopropanol). A particularly prc- 
ligand conjugated oligomeric compound having improved ferred linking group for the synthesis of ligand conjugated 
pharmacokinetic properties. Such oligomeric compounds oligonucleotides of the invention is a 6-aminohexyloxy 
arc prepared having covalently attached ligands or proteins group. A variety of heterobifunctional and homobifunctional 
that bind reversibly to or interact with one or more serum, linking moieties are available from Pierce Co. (Rockford, 
vascular or cellular proteins. 'ITiis reversible binding is 45 m.). Such heterobifunctional and homobifunctional linking 
expected to decrease urinary excretion, increase serum half moieties are particularly useful in conjunction with the 
life and greatly increase the distribution of oligomeric 6-aminoalkoxy and 6-aminoalkylamino moieties to form 
compounds thus conjugated. In the ca.se of binding a extended linkers useful for linking ligands to a nucleoside, 
complement protein, such as for example complement l\ic- Further useful linking groups that are commercially avail- 
tor H or a ligand thereof, in the context of the present 50 able arc 5'-Amino-Modifier C6 and 3'-Amino-Modifier 
invention the binding is to further inhibit complement activ- reagents, both available from Glen Research Corporation 
ity. The binding of particular drugs to plasma protein has (Sterling, Va.). 5*-Amino-M(xlifier C6 is also available from 
!) j^K. .'ioi..,ly :4!,!'.Vt; iu vcif vI;S; ,!.^t^iI.)^ .i ^;-i(J icJ ivi:) y;.U;in, i o L*i i > , ,';i!if.) 
eflicacy of drugs (1 lerve et al., CUn. Pharmacokinet,, 1994, Amino link-2, while the 3'-Amino-Modilier is also available 
26:44). from Clontech Laboratories Inc. (Palo Alto, Calif.). In 

An oligomeric agent should be able to overcome inherent ^ addition, a nucleotide analog bearing a linking group pre- 

factors such as rapid degradation in scrum, short half life in attached to the nucleoside is commercially available from 

serum and rapid filtration by the kidneys with subsequent Glen Research Corporation under the tradename *'Amino- 

excretion in the urine. Oligonucleotides that overcame these Modifier-dT." This nucleoside-linking group reagent, a uri- 

inherent factors have increased serum half lives, dine derivative having an [N(7-trinuoroacctylaminoheptyl) 

distribution, cellular uptake and hence improved eflicacy. 3-acrylamido] substituent group at the 5 ]X)sition of the 

These enhanced pharmacokinetic parameters have been pyrimidine ring, is synthesized as per the procedure of 

shown for .selected drug molecules that bind pla.sma proteins Jablonski et al. {Nucleic Acid Research, 1 986, 14:6 1 15). The 

(0\mn md Chrk{, Annual Reports in Medicinal Chemistry, present invention also includes as nucleoside analogs 

1996, 31:327). Two proteins that have been studied more adenine nucleosides functionalizcd to include a linker on the 

than most are human serum albumin (MSA) and a-l-acid 65 N6 purine amino group, guanine nucleosides functionalizcd 

glycoprotein. I ISA binds a variety of endogenous and exog- to include a linker al the cxocyclic N2 purine amino group, 

enous ligands with as.sociation constants typically in the and cytosine nucleosides functionalizcd lo include a linker 
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on either the N4 pyrimidine amino group or the 5 pyriniidinc protein targeted by a ligand conjugated oligomcric com- 
position. Such nucleoside analogs are incorporated into pound is a- 1 -glycoprotein. 

oligonucleotides with a ligand attached to the linker either As used herein, the term "protected" means that the 

pre- or post -oligomeriza lion. indicated moiety has a protecting group appended thereon. 

lu a preferred embodiment of the present invention ligand ^ In some preferred embotliments of the invention compounds 

molecules are selected for conjugation to oligonucleotides contain one or more protecting groups. A wide variety of 

on the basis of their afiinity for one or more complement protecting groups can be employed in the methods of the 

proteins. 'ITiese protei as may be serum, vascular or cellular invention. In general, protecting groups render chemical 

proteins. Serum proteins arc proteins that are present in the functionalities inert to specific reaction conditions, and can 

fluid portion of the blood, obtained after coagulation and be appended to and removed from such functionalities in a 

removal of the fibrin clot and blood cells, as distinguished JO molecule without substantially damaging the remainder of 

from the plasma in circulating blood. Vascular proteins are the molecule. 

proteins that are present in portions of the vascular system Representative hydroxyl protecting groups, for example, 

relating to or containing blocKl ves.sc Is. Cellular proteins are are disclosed by Beaucagc et al. (letraliedron, 1992, 
mcmbranc-proteins-which- have-at-least a portion-of-the- —48:'22 2-3-23 11 )-Further-hyd roxyl-protecting-groupsras-we 11- 

protein ex tending extracellu la rly and assisting in the process as other representative protecting groups, are disclosed in 

of endocytosis. Greene and Wuts, Protective Groups in Organic Synthesis, 

Many ligands having an affinity for proteins are well Chapter 2, 2d ed., John Wiley & Sons, New York, 1991, and 

documented in the literature and are amenable to use in the Oligonucleotides And Analogues A Practical Approach, 

present invention. A preferred group of ligands are small Ekstein, F. Ed., IRL Press, N.Y., 1991, each of which is 

molecules including drug moieties. According to the present hereby incorporated by reference in its entirety, 

invention, drug moieties include, but are not limited to. Examples of hydroxyl protecting groups include, but are 

warfarin and coumarios including substituted coumarins, not limited to, t -butyl, t-butoxymethyl, methoxymethyl, 

isocoumarin derivatives, 7-aniliuocoumarin-4-acetic acid, tetrahydropyranyl, 1-ethoxycthyl, l-(2-chloroethoxy)ethyl, 

profens including ibuprofen, enantiomers of ibuprofen 2-trimethylsilylethyl, p-chlorophenyl, 2,4-dinitrophenyl, 

(r-ibuprofen and s, -ibuprofen), ibuprofen analogs, benzyl, 2, 6-dichlorobenzyl, diphenylmcthyl, p,p'- 

ketoprofen, carprofen, etodolac, suprofen, indoprofen, 25 dinitrobenzhydryl, p-nitrobenzyl, Iriphenylmethyl, 

fenbufen ar^l'^ro^ionic acids ar^'lalkHnoic 2,cids 2-ar^4-2- trimeth^'lsil^^i trieth^'lsil^'l t-but^'ldimeth^'lsil^^! 

fluoropropionic acids, glibenclamide, acetohexamide, aryla- t-butyldiphenylsilyl, triphenylsilyl, benzoylformate, acetate, 

Ikanoic acids, tolbutamide, gliclazide, metformin, curcumin, chloroacetate, trichloroacetate, trifluoroacetate, pivaloate, 

digitoxin, digoxin, diazepam, benzothiadiazides, benzoate, p-phenylbcnzoate, 9-fluorenylmethyr carbonate, 

chlorothiazide, diazepines, benzodiazepines, naproxen, phe- 30 mesylate and losylate. 

nyl butazone, oxyphenbutazonc, dansyl amide, Amino-protecting groups stable to acid treatment are 

dansylsarcosine, 2,3,5 -triiodobenzoic acid, palmitic acid, selectively removed with base treatment, and are used to 

aspirin, salicylates, substituted salicylates, penicillin, make reactive amino groups selectively available for sub- 

flurbiprofen, pirprofin, oxaprozin, flufenamic acid, deoxy- stilution. Examples of such groups are the Fraoc (E, Ather- 

cholic acid, glycyrrhizin, azathioprinc, butibufen, ibufenac, 35 ton and R. C. Sheppard in The Peptides, S. Udenliiend, J. 

5-fluoro-l-typtaphan, 5-fluoro-salicylic, " Meienhofer, Eds., Academic Press, Orlando, 1987, volume 

acidazapropanazone, mefenamic acid, indomethacin, flufe- 9, p.l) and various substituted sulfonylethyl carbamates 

namic acid, bilirubin, ibuprofen, lysine complexes, diphenyl exemplified by the Nsc group (Samukov et al.. Tetrahedron 

hydantoin, valproic acid, tolraetin, barbiturates (such as, for Lett, 1994, 35:7821; Verhart and Tesser, Rec. Traw Chim. 

example, quinalbarbitone), cephalosporins, sulfa drugs, Pays~Bas, 1987, 107:621). 

antidiabetics (such as, for example, tolbutamide), antibac- ^ Additional amino-protecting groups include, but are not 

terials (such as, for example, quinolones, nalidixic acid and limited to, carbamate-protecting groups, such as 

cinoxacin) and several antibiotics. 2-triraethylsilylethoxycarbonyl (Teoc), l-raethyl-l-(4- 

In one embodiment of the present invention the drug biphenylyl)ethoxycarbonyl (Hpoc), t-butoxycarbonyl 

moiety bears a carboxylic acid group. In another embodi- ( B O C ), allyloxycarbonyl (Alloc), 

ment of the present invention the dmg moiety is a propionic 9-fluorenylmethyloxycarbonyl (Fmoc), and benzyloxycar- 

acid derivative. bonyl (Cbz); amide -protecting groups, such as formyl, 

In one preferred embodiment of the invention the protein acetyl, Irihaloacetyl, benzoyl, and nitrophenylacetyl; 

for binding a ligand conjugated oligom eric compound is a sulfonamide-protecting groups, such as 

serum protein. It is preferred that the serum protein bound by 2-nitrobenzcnesulfonyl; and imine- and cyclic imide- 

a conjugated oligomeric compound is an immunoglobulin 50 protecting groups, such as phthalimido and dithiasuccinoyl. 

(an antibody). Preferred immunoglobulins are immunoglo- Equivalents of these ami no protecting groups arc also 

bulin Ci and immunoglobulin M. Immunoglobulins are encompassed by the compounds and methods of the present 

animals. A more preferred protein for binding to a ligand In a preferred embodiment of the present invention oli- 

conjugalcd oligomer is albumin. gonucleo tides are provided including a number of linked 

In another embodiment of the invention the serum protein " nucleo.sides wherein at least one of the nucleosides is a 

for binding by a conjugated oligomeric compound Ls a 2'-functionalized nucleoside having a ligand molecule 

lipoprotein. Lipoproteins are blood proteins having molecu- linked to the 2'-position of the nucleoside; a heterocyclic 

lar weights generally above 20,000 that carry lipids and are base functional izcd nucleoside having a ligand molecule 

recognized by specific cell surface receptors. ITie associa- linked to the heterocyclic ba.se of the nucleoside, a 5' 

tion with lipoproteins in the serum will initially increase terminal nucleoside having a ligand molecule linked to the 

pharmacokinetic parameters such as half life and distribu- 5'"position of the nucleoside, a 3' terminal nucleoside having 

tion. A secondary consideration is the ability of lipoproteins a ligand molecule linked to the 3'-po.sition of the nucleoside, 

to enhance cellular uptake via receptor-mediated endocyto- or an inter-strand nucleoside having a ligand molecule 

sis. linked to an inter-stand linkage linking said inter-.strand 

In yet another embodiment the serum protein for binding 65 nucleoside to an adjacent nucleoside, 

by a ligand conjugated oligomeric compound is a-2- Ligand conjugated oligonucleotides may be synthesized 

macroglobulin. In yet a further emlx)diment the serum by the use of an oligonucleotide that Ixiars a pendant reactive 
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flint:! ional it y such as that derived from the attachment of a 
linking molecule onto the oligonucleotide. This reactive 
oligonucleotide may be reacted directly with commercially 
available ligands, ligands that arc synthesized bearing a 
variety of prelecting groups, or ligands that have a linking 
moiety attached thereto. The methods of the present inven- 
tion facilitate the synthesis of ligand conjugated oligonucle- 
otides by the use of, in some preferred erabodiraents, 
nucleoside monomers "that have been appropriately conju- 
gated with ligands and that may further be attached to a solid 
support material. Such ligand-nuclcoside conjugates option- 
ally attached to a solid support material arc prepared accord- 
ing to some preferred embodiments of the methods of the 
present invention via reaction of a selected serum binding 
ligancl \\hlira~lirilcinglTidicty loca'ted^ a~2737 6r5*'position 
of a nucleoside or oligonucleotide. 

The above described conjugation of ligands to oligomeric 
compounds has been shown to increase the concentration of 
such compounds in serum. According to such methods, a 
drug moiety that is known to bind to a serum protein is 
selected and conjugated to an oligonucleotide, thus forming 
a conjugated oligonucleotide. This conjugated oligonucle- 
otide is then added to the serum. 

Conjugation of a Hgand also provides a way to increase 
the capacity of scrum for an oligonucleotide. According to 
such methods, a drug moiety that is known to bind to a 
serum protein is selected and conjugated to an 
oiigo nucleotide, thus forming a conjugal ed oUgonucieoiide. 
This conjugated oligonucleotide is then added to the scrum. 

Ligand conjugation can also increase the binding of an 
oligonucleotide to a portion of the vascular system. Accord- 
ing to such methods, a drug moiety that is known to bind to 
a vascular protein is selected. ^I'he vascular protein selected 
is a protein which resides, in part, in the circulating serum 
and, in part, in the non-circulating portion of the vascular 
system. This drug moiety is conjugated to an oligonucleotide 
to form a conjugated oligonucleotide, which is then added to 
the vascular system. 

The oligonucleotides used in accordance wiih this inven- 
tion may be conveniently and routinely made through the 
well-known technique of solid phase synthesis. Equipment 
for such synthesis is sold by several vendors including 
Applied Biosysteras. Any other means for such synthesis 
may also be employed; the actual synthesis of the oligo- 
nucleotides Ls well within the talents of the routineer. It is 
well known to use similar techniques to prepare oligonucle- 
otides such as the phosphorothioates and 2*-alkoxy or 
2'-alkoxyalkoxy derivatives, including 2'-0-methoxyethyl 
oligonucleotides (Martin, P., Helv. Chim. Acta, 1995, 78, 
486-504). It is also well known to use similar techniques 
and commercially available modified amidites and 
control led -pore glass (CPG) products such as biotin, 
lluorcscein, acrid ine or psoralen -modified amidites and/or 
CPG (available from Glen Research, Sterling Va.) to syn- 
thesize tluorcsccntly labeled, biotinylaled or other conju- 

I *..( I i)\ t I.U ■ 'H f k I : 'J lis. 
Complement Modulation 

ITie modified oligonucleotide compounds of the present 
invention include biocquivalcnt compounds, including phar- 
maccutically acceptable salts and prodrugs. This is intended 
to encompass any pharmaccutically acceptable salts, esters, 
or salts of such csteis, or any other compound which, upon 
administration to an animal including a human, is capable of 
providing (directly or ind|reclly) the biologically active 
metabolite or residue thereof. Accordingly, for example, the 
disclosure is also drawn to pharmaccutically acceptable salts 
of the nucleic acids of the invention and prodmgs of .such 
nucleic acids. 

^'Pharmaccutically acceptable salts" are physiologically 65 
and pharmaccutically acceptable salts of the nucleic acids of 
the invention: i.e., .salts that retain the desired biological 
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activity of the parent compound and do not impart undcsired 
loxicoiogical ctVects thereto (see, for example, Rergc ct al., 
"Pharmaceutical Salts,"./, of l^/iar/na Sci\, 1 977, 66: 1 , which 
is incorporated herein by reference in its entirety). 
^ For oligonucleotides, examples of pharmaccutically 
acceptable salts include but are not limited to (a) salts 
formctl with catioas such as sodium, potassium, ammonium, 
magnesium, calcium, poly amines such as spenmine and 
spermidine, etc.; (b) acid addition .sails formed with inor- 
ganic acids, for example hydrochloric acid, hydrobromic 
10 acid, sulfuric acid, phosphoric acid, nitric acid and the like; 
(c) salts formed with organic acids such as, for example, 
acetic acid, oxalic acid, tartaric acid, succinic acid, maleic 
acid, fumaric acid, gluconic acid, citric acid, malic acid, 
ascorbic^ acid~benzoic~ a^cid^tannic acid,^alfnitic~acid7 
25 alginic acid, polyglutamic acid, naphthalenesultbnic acid, 
methanesulfonic acid, p-toluenesulfonic acid, naphthalene- 
disulfonic acid, polygalacturonic acid, and the like; and (d) 
salts formed from elemental anions such as chlorine, 
bromine, and iodine. 

The oligonucleotides of the invention may additionally or 
alternatively be prepared to be delivered in a "prodmg" 
form. The term "prodrug" indicates a therapeutic agent that 
is prepared in an inactive form that is converted to an active 
form (i.e., drug) within the body or cells thereof by the 
action of endogenous enzymes or other chemicals and/or 
25 conditions. In particular, prodrug versions of the oligonucle- 
otides of the invention are prepared as 5aT£ ((5-aceiyi-2- 
thioethyl) phosphate) derivatives according to the methods 
disclosed in WO 93/24510 to Gosselin et ah, publLshed Dec. 
9, 1993, which is incorporated herein by reference in its 
30 entirety. 

For therapeutic or prophylactic treatment, oligonucle- 
otides are administered in accordance with this invention. 
Oligonucleotide compounds of the invention may be Ibr- 
mulaled in a pharmaceutical, composition, which may 
include pharmaccutically acceptable carriers, thickeners, 
diluents, buffers, preservatives, surface active agents, neu- 
tral or cationic lipids, lipid complexes, liposomes, penetra- 
tion enhancers, carrier compounds and other pharmaccuti- 
cally acceptable carriers or excipients and the like in 
addition to the oligonucleotide. Such compositions and 
formulations are comprehended by the present invention. 

Pharmaceutical compositions comprising the oligonucle- 
otides of the present invention may include penetration 
enhancers in order to enhance the alimentary delivery of the 
oligonucleotides. Penetration enhancers may be classified as 
45 belonging to one of five broad categories, i.e., fatty acids, 
bile salts, chelating agents, surfactants and non-surfactants 
(I^e ct al.. Critical Reviews in Therapeutic Drag Corner 
Systems, 1991, 8:91-192; Muranishi, Critical Reviews in 
Therapeutic Drag Carrier Systems, 1990, 7:1). One or more 
50 penetration enhancers from one or more of these broad 
categories may be included. 

ITic ainipositions of the present invention may addilion- 

in pharmaceutical compositions, at their art-established 
usage levels. Ilius, for example, the compositions may 
contain additional compatible pharmaccutically-active 
materials such as, e.g., antipruritics, astringents, local anes- 
thetics or anti-inflammatory agents, or may contain addi- 
tional materials aseful in physically formulating various 
dosage forms of the composition of present invention, such 
as dyes, 11 a vo ring agents, preservatives, antioxidants, 
o pacifiers, thickening agents and stabilizers. However, such 
materials, when added, should not unduly interfere with the 
biological activities of the components of the compositions 
of the invention. 

Regardless of the method by which the oligonucleotides 
of the invention arc introduced into a patient, colloidal 
dispersion .systems may be used as delivery vehicles to 
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enhance the in vivo stability of the oligonncltiotides ancl/or 
to target the oligonucleotides to a particular organ, tissue or 
cell t)'}ie. Colloidal dispersion systems include, but are not 
limited to, macromolccule complexes, nanocapsulcs, 
microspheres, beads and lipid -based systems including oil- 
in-water emulsions, micelles, mixed micelles, liposomes and 
lipid: oligonucleotide complexes of uncharacterized struc- 
ture. A preferred colloidal dispersion system is a plurality of 
-liposomes.-IJposomes are microscopic spheres having an 
aqueous core surrounded by one or more outer layers made 
up of lipids arranged in a Isilayer configuration (see, 
generally, Chonn et al.. Current Op, Hiotech., 1995, 6, 698). 
Liposomal modified oligonucleotide compositions arc pre- 
pared according to the disclosure of co-pending U.S. patent 
application. Ser.-No,-08/961,469 to-Hardec et^al.,Jiled-Oct. 
31, 1997, U.S. Pat. No. 6,083,923, incorporated herein by 
reference in its entirely. 

llie pharmaceutical compositions of the present invention 
may be administered in a number of ways depending upon 
whether local or systemic treatment is desired and upon the 
area to be treated. Administration may be topical (including 
ophthalmic, vaginal, rectal, intranasal, epidermal and 
transdermal), oral or parenteral, or by aliquots using a 
pipette or the like. Parenteral administration includes intra- 
venous drip, injection or infusion, subcutaneous, intraperi- 
toneal or intramuscular injection, pulmonary administration, 
e.g., by inhalation or insufflation, or intracranial, e.g., 
intrathecal or intraventricular, administralinn, I nice! ion 
includes both needle injection and needle-free injection as 
in, for example, an injection using a device like the Medi- 
Jcctor'*'". For oral administration, it has been found that 
oligonucleotides with at least one 2'-substituted ribonucle- 
otide are particularly useful because of their absorption and 
distribution characteristics. U.S. Pat. No. 5,591,721 issued 
to Agrawal ct al. Oligonucleotides with at least one 2-0- 
methoxyethyl modification are believed to be particularly 
useml for oral administration. 

Formulations for topical administration may include 
transdermal patches, ointments, lotions, creams, gels, drops, 
suppositories, sprays, liquids and powders. Conventional 
pharmaceutical carriers, aqueous, powder or oily bases, 
thickeners and the like may be necessary or desirable. 
Coated condoms, gloves and the like may also be useful. 

Q)mpositions for oral administration include powders or 
granules, suspensions or solutions in water or non- aqueous 
media, capsules, sachets or tablets. ITiickeners, flavoring 
agents, diluents, emulsifiers, dispersing aids or binders may 
be de.sirable. 45 

Compositions for parenteral administration may include 
sterile aqueous solutions which may also contain buffers, 
diluents and other suitable additives. 

'JTie fomiulation of therapeutic compo.sitions and their 
subsequent administration is believed to be within the skill 
of those in the art. Dosing is dependent on severity and 
res]x>nsivencss of the disease state to be treated, with the 

months, or until a cure is effected or a diminution of the 
disease state is achieved. Optimal dosing schedules can be 
calculated from measurements of drug accumulation in the 
body of the patient. Persons of ordinary .skill can easily 
determine optimum dosages, dosing methodologies and 
repetition rates. Optimum dosages may vary depending on 
the relative potency of individual oligonucleotides, and can 
generally be estimated based on FC^qS found to be effective 
in in vitro and-in vivo animal niodels. In general, dosage is - 
from 0.01 fig to 100 g per kg of body weight, and may be 
given once or more daily, weekly, monthly or yearly, or even 
once every 2 to 20 years. Pcisons of ordinary skill in the art 
can easily estimate repetition rates for do.sing based on 
measured residence limes and concentrations of the drug in 
bodily fluids or ti.ssues. Fo Mowing successful treatment, it 
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may be desirable to have the patient undergo maintenance 
therapy to prevent the recurrence of the disease state, 
wherein the oligonucleotide is administered in maintenance 
dose.s, ranging from 0.01 //g to 100 g per kg of body weight, 
5 once or more daily, to once every 20 years. 

By "ex vivo" is meant removing a sample of blood, serum 
and/or bone marrow from a subject in need of complemenl 
modulation, treating the sample with the modifial oligo- 
nucleotide described herein, and returning the sitmple to the 
subject. 

llius, in the context of this invention, by "therapeutically 
effective amount" is meant the amount of the compound 
which is required to have a therapeutic effect on the treated 
mammal. Hiis amount, which will be apparent to the skilled 
art isanTwill clcpcncl'upbn~the lype~of"raammal71he agean'tf 
weight of the mammal, the type of disease to be treated, 
perhaps even the gender of the mammal, and other factors 
which are routinely taken into consideration when treating a 
mammal with a disease. A therapeutic effect is assessed in 
the mammal by measuring the effect of the compound on the 
20 disease state in the animal. For example, if the disease to be 
treated is an ischaemia-reperfusion event, a reduction in 
tissue damage is an indication that the administered dose has 
a therapeutic effect. In an example of a chimeric oligonucle- 
otide usage, if the disease to be treated is psoriasis, a 
25 reduction or ablation of the skin plaque and a reduced 
activation of complement occurs this would also be an 
iuctication that tlic auministereu dose has a therapeutic eltcct. 
Similarly, in mammals being treated for cancer, therapeutic 
effects are assessed by measuring both the amount^ of 
complement activation and the rate of growth or the size of 
the tumor, or by measuring the production of compounds 
such as cytokines, production of which is an indication of 
the progress or regression of the tumor. 

The following examples illustrate the present invention 
and are not intended to limit the same. 

EXAMPLES 

Example 1 

Nucleoside Phosphoramidites for Oligonucleotide 
Synthesis 
Deoxy and 2'-alkoxy Amidites 

2*-Deoxy and 2'-raethoxy beta-cyanoethyldiisopropyl 
phosphoramidites are purchased from commercial sources 
(e.g. Chemgenes, Needham Mass. or Glen Research, Inc. 
Sterling Va.). 

Other 2'-0-alkoxy substituted nucleoside amidites are 
prepared as described in U.S. Pat. No. 5,506,351, herein 
incorporated by reference. I^or oligonucleotides synthesized 
using 2'-alkoxy amidites, the standard cycle for unmodiiied 
50 oligonucleotides is utilized, except the wait step after pulse 
delivery of tetra/ole and ba.sc is increased to 360 .seconds. 
Oligonucleotides containing 5-rnethyl-2'-deoxycytidinc 

lishcd methods [Sanghvi, ct. al.. Nucleic Acids Research, 
J 993, 21, 3197-3203] using commercially available phos- 
phoramidites (Glen Research, Sterling Va. or ChemGencs, 
Needham Mass.). 
2 -Fluoro Amidites 
2'-Fluorodeoxyadcnosine Amidites 

2'-nuoro oligonucleotides may be synthesi/xd as 
described previously [Kawasaki, ct. al., 7. ^4eci C/ie/n., 
1993, 36, 831-841] and U.S. Pat. No. 5,670,633, herein 
incorporated by reference. Briefly, the protected nuclco.sidc 
N6-benzoyl-2-deoxy-2'-nuoroadenosine is synthesi/xd uti- 
lizing commercially available 9-Ix:ta-D-arabin ofura nosy- 
laden ine as starting material and by modifying literature 
procedures whereby the 2'-alpha-fluoro atom is introduced 
by a S^2-displaceracnt of a 2'-beta-trityl group. Thus 
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N6-bcnzoyl-9-bcla-L")-arabinoi;iiranosyladcninc is sclcc- containing 0.5% Et^NI I. ^hc residue is dLssolvecl in CH.CL 

tivcly protected in moderate yield as the 3', 5'- (250 ml.) i»nd adsorbe^l onto silica (150 g) prior to loading 

ditetrahydropyranyl ('HiP) intermediate. Deprotcction of onto the column. 'Ilie product is ehitcd with the packing 

the lilP and N6-henzoyl groups is accomplished using solvent to give 160 g (63%) of product. Additional tiiatcrial 

standard methodologies and standard methods may be used is obtained by reworking impure fractions, 

to obtain the 5'-dimcthoxytrityl-(DM'l') and 5'-DMT-3'- 2-0-Mcthoxyethyl-5'-0-dimethox7trityl-5-methyluridinc 
pho.sphoramidite intermediates. 2'-0-Meihoxyeihyi-5-methyiuridine (160 g, 0.506 M) is 

2'-Fluorodeoxyguanosinc co-evapt)rated with pyridine {250 luL) and the dried residue 

'Hie synthesis of 2'-dcoxy-2'-fluoroguano.siiic is accom- dissolved in pyridine (1.3 L). A first aliquot of dimethox- 

plished using tetraisopropyldisiloxanyl (TPDS) protected ytrityl chloride (94.3 g, 0.278 M) is added and the mixture 
9-beta-D-arabinofuranosylguanine as starling material, and 30 stirred at room temperature for one hour. A second aliquot of 

conversion to the intermediate diisobut yryl- dimethoxytrityl chloride (94.3 g, 0.278 M) is added and the 

arabiiiofuranosylguanosirie. Deprotcction of the TPDS reaction stirred for an additional one hour. Methanol (170 

group is followed by protection of the hydroxyl group with niL) is then added to stop the reaction. HPLC showed the 

THLlQ^giye^diisobutyryLdizlliP-protccted arabiiiofuriuio- presence-of-approximaiely— 70%-product— The-solvent-is- 

sylgiianinc. Selective 0-deacylation and triflation is fol- evaporated and triturated with CH3CN (200 mL). The resi- 

lowcd by treatment of the crude product with Huoride, then due is dissolved in CHCI3 (1.5 L) and extracted with 2x500 

deprotcction of the THP groups. Standard methodologies mLof saturated Nal lCOg and 2x500 mL of saturated NaCI. 

may be used to obtain the 5'-DMT- and 5'-DMT-3'- The organic phase is dried over Na2S04, filtered and evapo- 

phosphoramidites. ' rated . 275 g of residue is obtained. The residue is purified on 

2'-Fluorouridine a 3.5 kg silica gel column, packed and eluted with EtOAc/ 

Synthesisof 2' -deoxy-2*-fluorou rid inc is accomplished by 20 hcxane/acetone (5:5:1) containing 0.5% £13^!!. The pure 

the modification of a literature procedure in which 2,2'- fractions may be evaporated to give 164 g of product. 

anhydro-l-beta-D-arabinofuranosyluracil is treated with Approximately 20 g additional is obtained from the impure 

70% hydrogen fluoride -pyridine. Standard procedures may fractions to give a total yield of 183 g (57%). 

be used to obtain the 5'-DMT and 5'-DMT-3' phosphora- 3'-0-Acetyl-2'-0-melhoxyethyl-5'-0-dimethoxylrilyl-5- 

midites, 25 methyluridine 

2*-Fluorodeoxycytidine 2 ' - O - M c 1 h o x y e t h y ! - 5 * - O - d i m e t h o x y t r i t y 1 - 5 - 

2'-deoxy-2*-fluorocytidine is synthesized via amination of methyluridine (106 g, 0.167 M), DMF/pyridine (750 mL of 

2*<leoxy-2'-fluorouridine, followed by selective protection a 3:1 mixture prepared from 562 mL of DMF and 188 mL 

10 give N4-benzoyl-2'-deoxy-2'-fluorocytidine. Standard of pyridine) and acetic anhydride (24.38 mL, 0.158 M) may 

procedures may be used to obtain the 5'-DM'l'and 5'-DM13' 30 be combined and stirred at room temperature for 24 hours, 

phosphoramidites. The reaction is monitored by TLC by first quenching the 

2'-0-(2-Methoxyethyl) Modified Amidites TLC sample with the addition of MeOH. Upon completion 

2'-0-Methoxyethyl-suKstituled nucleoside amidites are of the reaction, as judged by TLC, MeOH (50 raL) is added 

prepared as follows, or alternatively, as per the methods of and the mmixture evaporated at 35^ C. The residue is 

Martin, P, Helveiica Chimica Ada, 1995, 78, 486-504. dissolved in C14CI3 (800 mL) and extracted with 2x200 mL 

2,2'-Anhydro[l-(beta-D-arabinofuranosyl)-5- " of saturated sodium bicarbonate and 2x200 mL of saturated 

methyluridine] NaCl. Ihe water layers may L^e back extracted with 200 mL 

5-Methyluridine (ribosylthyraine, commercially available of CHCI3- The combined organics may be dried with sodium 

through Yama.sa, Choshi, Japan) (72.0 g, 0.279 M), .sulfate and evaporated to give 122 g of residue (approx. 90% 

diphenyl-caibonaie (90.0 g, 0.420 M) and sodium bicarbon- product). ITie residue is purified on a 3.5 kg silica gel 

ate (2.0 g, 0.024 M) arc added to DMF (300 mL). The column and eluted using EtOAc/hexane (4:1). Pure product 

mixture is heated to reflux, with stirring, allowing the fractions may be evaporated to yield 96 g (84%). An 

evolved carbon dioxide gas to be released in a controlled additional 1.5 g is recovered from later fractions, 

manner. After 1 hour, the slightly darkened solution is 3'-0-Acetyl-2'-0-methoxyethyl-5'-0-diraethoxytrityI-5- 

concentrated under reduced pressure. The resulting syrup is methyl-4-triazoleuridine 

poured into diethylether (2.5 L), with stirring. The product 45 A first solution is prepared by dissolving 3'-0-acetyl2'- 

forracd a gum. The ether is decanted and the residue is 0-raelhoxyethyl-5'-0-dimethoxytrityl -5 -methyluridine (96 

dissolved in a minimum amount of methanol (ca. ^00 niL). g, 0,144 M) in CM3CN (700 mL) and set aside. Triethy- 

The solution is poured into fresh ether (2.5 L) to yield a stift' laminc (189 mL, 1.44 M) is added to a solution of triazole 

gum. The ether is decanted and the gum is dried in a vacuum (90 g, 1.3 M) in CH3CN (1 L), cooled to -5** C. and stirred 

oven (60° C. at 1 mm Hg for 24 h) to give a solid that is 50 for 0.5 h using an overhead stirrer POCI3 is added dropwise, 

crushed to a light tan powder (57 g, 85%* crude yield), 'llie over a 30 minute period, to the stirred solution maintained 

NMK .spectrum is consistent with the .structure, contami- at 0-10° C, and the resulting mixture stirred for an addi- 

is used as Ls for further reactions (or it can be purified further 45 minute period, to the latter .solution. 'Vhc resulting reac- 

by column chromatography using a gradient of methanol in tion mixture is .stored overnight in a cold room. Salts may be 

ethyl acetate (10-25%) to give a white solid, mp 222-4° C). ' ' filtered from the reaction mixture and the solution is evapo- 

2'-0-Methoxycthyl-5-methyluridine rated. 1'he residue is dis.solved in LtOAc (1 L) and the 

2,2'-Anhydro-5 -methyluridine (195 g, 0.81 M), tris(2- insoluble solids may be removed by filtration. The filtrate is 

methoxyethyl)borate (231 g, 0.98 M) and 2-methoxycthanol ished with lx3(K) mL of NaHC03 and 2x3(K) mL of satu- 

(1.2 L) may be added to a 2 L stainless steel pressum vessel rated NaCl, dried over sodium sulfate and evaporated. The 

and placed in a prc-heated oil bath at 160® C. After healing residue is triturated with EtOAc to give the title aimpound. 

for 48 hours at 155-160° C, the ves.sel is opened and the 2'-0-Methoxyethyl-5'-0^imelhoxytrityl-5-mcthylcytidinc 
solution evaporated to dryness and triturated with MeOM A solution of 3'-0-acelyl-2'-0-mcthoxyethyl-5'- 

(200 mL). The residue Ls suspended in hot acetone (I I..). The Odimethoxylrityl-5-mcthyl-4-triazoleuridine (103 g, 0.1 4 1 

insoluble salts may be filtered, washed with acetone (150 M) in dioxanc (5(K) mL) and NH.,OH (30 mL) is stirred at 

ml.) and the filtrate evajx)ratcd. The residue (280 g) is 65 room temperature for 2 hours, 'Ilie dioxane solution is 

dissolved in CI I3CN (600 mL) and evaporated. A silica gel evaporated and the residue a/eotroped with MeOI I (2x200 

column (3 kg) is packed in CI LCL/acelonc/MeOI I (20:5:3) mL). The residue is dissolved in MeOIl (300 mL) and 
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transferred lo a 2 liter stainless steel pressure vessel. MeOM 5'-0-tert-nulyldiphenylsilyl-2'-0-(2-hydroxyethyl)-5- 

(^00 ml.) saturated with Nli^ gas is added and the vessel methyluridine 

healed to 100*' C. for 2 hours (I LC showed complete In a 2 I. stainless slccl, unstirred pressure reactor is added 

conversion). The vessel conlenis may be evaporated to boranc in tetrahydrofuran (IX) M, 2.0 eq, 622 ml..). In the 

dryness and Ihe residue isdi.ssolved in ElOAc(500 mL)and ^ fume hood and with manual stirring, ethylene glycol (350 

washed once with saturated NaCl (200 mL). The organics mL, excess) is added cautiously at first until the evolution of 

may be dried over sodium sulfate aud ihe st>lvuiil is cvapo- hydrogen gas subsided. 5'-0-leri-Butyidipbenyisilyl-0^-2'- 

rated to give 85 g (95%) of the title compound. anhydro-5-melhyluridine (149 g, 0,311 mol) and sodium 

N4-Bcnzoyl-2'-0-niethoxyethyI-5'-0-dimethoxylrityI-5- bicarlxinate (0.074 g, 0.003 cq) may be added with manual 

methylcytidine stirring. The reactor is sealed and heated in an oil bath until 

2'-0-Methoxyethy l-5'-0-dimethoxytrity 1-5- lo an inlemal temperature of 160** C. ls reached and then 

methylcytidine (85 g, 0,134 M) is dissolved in DMP (800 maintained for 16 h (pre.ssure<l(»() psig). The reaction vessel 

mL) and benzoic anhydride (37.2 g, 0.165 M) is added with is cooled to ambient and opened. TLC (Rf 0,67 for desired 

stirring. After stirring for 3 hours, IIX showed the reaction product and Rf 0.82 for ara-1' side product, ethyl acetate) 

to-be approxiraately-95% complete. -The solvent -is evapo indicated-about 70%-a>nvcrsion-to-thc-product-ln ondcr-to - 

rated and the residue azeotroped with MeOH (200 mL). Ilie avoid additional side product formation, the reaction is 

residue is dissolved in CHCI3 (700 raL) and extracted with stopped, concentrated under reduced pressure (10 to 1 mm 

saturated NaHCOs (2x300 mL) and saturated NaCl (2x300 Hg) in a warm water bath (40-100** C.) with the more 

mL), dried over MgSO^ and evaporated to give a residue (96 extreme conditions used to remove the etbyleoe glycol. 

g),nie residue is chroraatographed on a 1.5 kg silica column [Alternatively, once the low boiling solvent Ls gone, the 

usmg EtOAc/hexane (1:1) containing 0.5% EtjNH as the remaining solution can be partitioned between ethyl acetate 

elutmg solvent. The pure product fractions may be evapo- 20 and water. The product will be in the organic phase.] The 

rated to give 90 g (90%) of the title conripound. ^^^-^^^^ -^^^^ ^ ^^^^^ chromatography (2 kg silica 

N4.Benzoyl.2 -O-methoxyethyl-5 -O-dimelhoxytrityl-5- ^^^yl acetate-hexanes gradient 1:1 to 4:1). The appro- 

methylcytidmc-3-araiditc ^ ^ ^ ^. ^ . ^ ^ priate fractions may be combined, stripped and dried (o 

N4-Benzoyl-2 -0-methoxyethyK^ Product as a white crisp foam (84 g, 50%), contaminated 

methylcytidine (74 g, 0.10 M) is dissolved m CH.CU (1 L) * • / i 7 4 ,A „„j reusable starting material 

Tetrazole diisopropylamine (7.1 g) and 2-cyanoethoxy-tetra- ^ , reusable starling material 

^jsopropyi; pnospaiie v'iij.d mr., imzj ivij may 'ot aaaec. " J' /vrxi^' , 

with stirring, under a nitrogen atmosphere. The resulting ered startmg material is 58%. ILC and NMR may be 

mixture is stirred for 20 hours at room temperature (TLC ^^'f^T ^"'x ^i^'^V'j- . . . . . c 

showed the reaction to be 95% complete). The reaction 2 -0-([2-phthahraidoxy)ethyl]-5'-t-butyldiphenylsilyl-5- 

mixlure is extracted with saturated NaHCOs (1x300 mL) 30 methyluridine 

and saturated NaCl (3x3(K) mL). The aqueoas washes may 5'-0-tcrt-Butyldiphenylsilyl-2 -0-(2-hydroxyethyl)-5- 
be back -extracted with CILCU (300 mL), and the extracts methyluridine (20 g, 36.98 ramol) is mixed with triph- 
may be combined, dried over MgSO^ and concentrated. The enylphosphine (11.63 g, 44.36 mmol) and 
residue obtained is chroraatographed on a 1,5 kg silica N-hydroxyphthalimide (7.24 g, 44.36 mmol). It is then dried 
column using EtOAc/nexane (3:1) as the cluting solvent. over V^O^ under high vacuum for two days at 40** C. The 
The pure fractions may be combined to give 90.6 g (87%) ' reaction mixture is Hushed with argon and dry THF (369.8 
of the title compound. 2'-0-(Aminooxyethyl) nucleoside mL, Aldrich, sure seal bottle) is added to get a clear solution, 
araidites and 2'-0-(dimethylaminooxyethyl) nucleoside Diethylazodicarboxylate (6.98 mL, 44.36 mmol) is added 
amidites dropwise to the reaction mixture, 'llic rate of addition is 
2'-(Dimethylaminooxyethoxy) Nucleoside Amidites maintained such that resuUiiig deep red coloration is just 
2'-(Dimethylaminooxyethoxy) nucleoside amidites [also ^ discharged before adding the next drop. After the addition is 
known in the art as 2'-0-(dimethylaminooxyeihyl) nucleo- complete, the reaction is stirred for 4 hrs. By that time TIX 
side amidites] are prepared as described in the following showed the completion of the reaction (ethyl acetateihexane, 
paragraphs. Adenosine, cytidine and guanosinc nucleoside 60:40), 'Ilie solvent is evaporated in vacuum. Residue 
amidites are prepared similarly to the thymidine obtained is placed on a fliish cx>lumn and eluted with ethyl 
(5-raelhyluridine) except the exocyclic amines are protected 45 acetate:hexane (60:40), to get 2'-0-([2-phthalimidoxy) 
with a benzoyl moiety in the case of adenosine and cytidine cthyI]-5'-t-butyldiphenylsily]-5-raethyluridine as white 
and with Lsobutyryl in the case of guanosine. foam (21.819 g, 86%). 

5 '-0-tcrt-Butyldiphcn ylsilyl-0^-2'-anhydro-5- 5'-0-tert-butyldiphenylsilyl-2'-0-[(2-formadoximinooxy) 

methyluridine ethyl]-5-methyluridine 

0~-2' -a n h yd ro-5- methyl uridine (Pro. Bio. Sint., Vare.se, 50 2'-0-([2-phthalimidoxy)ethyl]-5'-t-butyldiphcnylsilyl-5- 

Italy, 100.0 g, 0,416 mmol), dimethylaminopyridine (0.66 g, methyluridine (3.1 g, 4.5 mmol) is dissolved in dry CI LCL 

0.013 cq, 0.0054 mmol) may be dissolved in dry pyridine (4.5 niL) and mcthylhydra/Jne (.300 mL, 4.64 mmol) is 

(.^;)v/ ;j: :ii 'i'>iwi; U^iii^y^'ta.ii:. .-iick r :.t; ;.!g(,;i .tli');.K.|i!i:M' t.!;:;, r.. 1 ; { . i i if ' , /-i'; » . !j uk' jj.) ^ft.l^• ) 

and with mechanical stirring. tert-Butyldiphenylchlorosilanc filtered, the filtrate is washed with ice cold CH^CL and the 

(125.8 g, 119.0 niL, 1.1 eq, 0.458 mmol) is added in one combined organic pha.sc is washed with water, brine and 

portion. The reaction is stirred for 16 h at ambient tempera- ' " dried over anhydrous Na^SO,,, J 'he solution is concentrated 

ture. TLC (Rf 0.22, ethyl acetate) indicated a complete to get 2'-0-(aminooxyethyl) thymidine, which is then dis- 

rcaction. The solution is concentrated under reduced pres- solved in MeOIl (67.5 niL). To this formaldehyde (20% 

sure to a thick oil. This is partitioned between dichlo- aqueous solution, w/w, 1. 1 eq.) is added and the resuhing 

romcthane (1 L) and saturated sodium bicartwnate (2x1 L) mixture is .stirred for 1 h. Solvent is removed under vacuum; 

and brine (1 L), The organic layer is dried over sodium residue ch rom a tographed to get 5'-0-tert- 

sulf-atc and concentrated under reduced pre.s.sure to a thick biityldiphcnylsilyl-2'-0-[(2-formadoximinooxy)ethyl]-5- 

oil. 'Hie oil isdi.ssolved in a 1:1 mixture of ethyl acetate and methyluridine as white foam (1.95 g, 78%). 

ethyl ether (600 mL) and the solution is cooled to -10" C. 5 ' -O - te r I - B u I y 1 d i p h e n y 1 si 1 y 1 -2 0-[N , N - 

The resulting crystalline prcKluct is collected by lilt ration, d imct hy la minooxyet by l]-5-mel by 1 uridine 

wa.shed with ethyl ether (3x200 mL) and dried (40° C, 1 mm f>5 5'-0-tert-butyldiphcnyI.silyl-2'-0-[(2-formadoximinooxy) 

Hg, 24 h) to 149 g (74.8%) of white solid. IT^C and NMR ethyl]-5-methyluridine ( 1 .77 g, 3. 12 mmol) is di-ssoived in a 

may be consistent with pure product. .solution of IM pyridinium p-toluenesulfonate (FIJI'S) in dry 
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MeOIi (30.6 ml^). Sodium cyanohorohydridc (0.39 g, 6.13 2'-( Ami nooxyet hoxy) nucleoside amiditcs 2'- 

mmol) is added to this solution at 10° C. under inert (Am inooxycthoxy) nucleoside am idiles [also known in I he 

almospherc/nic reaction mixture is stirred for Khiiiiiutes at an as 2'-0-(aminooxyethyl) nuclaiside amiditcs] are pre- 

10° C. After that the reaction vessel is removed from the ice pared as described in the following paragraphs. Adenosine, 
balh and stirred at room temperature for 2 h, the reaction ^ cytidine and thymidine nucleoside amiditcs are prepared 

monitored by WC (5% MeOM in CH.CIJ. Aqueous similarly. N2-isobutvrvl-6-0-diphenvlcarbamovl-2'-0-(2- 

NaHC03 solution (5% 10 mg added and extracted with cthylacctyl)-5'-0-(4;4'-dimcthoxytrityl)giianosine-3'-[(2- 

ethyl acetate (2x20 mL). Lthyl acetate phase is dned over cyanoethyl)-N,N-diisoprDpylphosphoramidite] 
anhydrous Na-, SO., evaporated to dryness. Residue IS d IS- J, L • I t • , . 

solved in a solution of IM PITS in McOH (30.6 mL). . 2 -0-aminooxyethy guanosine analog may be 
Formaldehyde (20% w/w, 30 mL, 3.37 mmol) Ls added and lo obtained by selective 2 -0-alkylalion of diaminopurine ribo- 

thc reaction mixlure is stirred at room temperature for 10 side. Multigram quantities of diaminopurine riboside may be 

minutes. Reaction mixture cooled to 10° C in an ice bath, purchased from Schering AG (Herlin) to provide 2*-0-{2- 

scKlium cyanoborohydride (0.39 g,6.L3 mmol) Ls added and ethylacctyl)diarainopurine ribo.sidc along with a minor 
reaction mixture stirrcd at 10° C. for-lO minutes: After-iO— amount- of- the~3i-0-isonicr.- -2'-0-(-2-ethylaceiyl)" 

minutes, the reaction mixture is removed from the ice bath diaminopurine riboside may be resolved and converted to 

and stirred at room temperature for 2 hrs. To the reaction 2'-0-(2-ethylacetyl)guanosine by treatment with adenosine 

mixture 5% NallCOg (25 mL) solution is added and deaminase. (McGce, D. V. C, Cook, P. D., Guinosso, C. J., 

extracted with ethyl acetate (2x25 mL). Ethyl acetate layer WO 94/02501 Al 940203.) Standard protection procedures 

is dried over anhydrous Na2S04 and evaporated to dryness should afford 2'-0-(2-ethylacetyl)-5'-0-(4,4'- 

. The residue obtained is purified by flash column chroma- dimethoxytrityl)guanosine and 2-N-isobutyryl-6-0- 
tography and eluted with 5% MeOH in CH.CU to get 20 diphenylcarbamoyl-2'-0-(2-ethylacctyl)-5'-0-(4,4'- 

5 . 0 - 1 c r t - b u t y 1 d i p h e n y I s i 1 y 1 - 2 ' - O - [ N N - dimethoxytrityl)guanosine which may be reduced to provide 

dimethylami^^^^ as a white foam 2-N-isobutyryl-6-0-diphenylcarbamoyl-2'-0-(2- 

^/?A- \u \ .u ^^c .u , 'a- ethylacetyl)-5'-0-(4,4'-dimethoxytrityI)guanosine. As 

2'-0-(dimethylammooxye^^^^^^^^ ^J^^^ the hydroxyl group may be displaced by 

friethylamine tnhydro fluoride (3.91 mL, 24.0 mmol) is vt u.,^,„„„„u*u„r„*,ij; „ \A i^,,^iu,. #u1 
dissolved in dry THF and trielhylaminc (1.67 mL, 12 mmol, '-^ N-hydroxyph hal.m.dc v.a a M.^unobu reaction and the 

u!7. Kepi ovci' ivu'i II. iiiLs mixture 01 irieinyiamine-^ IS k7*'"i_"''. ^ ^ ^ j - l 1 u 1 -.t .n,'/^ 

then added to 5'-0-tert-butyldiphenyIsilyl-2'-0-[N,N- 2-N-isobtityryl-6-0^diphenylcarbamoyl-2'-0-(2. 

dimcthylaminooxyethyl]-5-methyluridine (L40 g, 2.4 ethylacetyl)-5'-O-(4,40 -dimelhoxylrityl)guano.sine-3'^:(2- 

mmol) and stirred at room temperature for 24 hrs. Reaction cyanoethyl)-N,N-diisopropylphosphoramidite]. 
is monitored by TLC (5% MeOH in ClUCU)- Solvent is 30 2'-dimelhylaminoethoxyethoxy (2'-DMAE0E) Nucleoside 

removed under vacuum and the residue placed on a flash Amiditcs 

column and eluted with 10% McOH in CH2CL to get 2'-diraethylaminoethoxyethoxy nucleoside amidites (also 

2*-0-(dimcthylaminooxyethyl)-5-methyluridinc (766 mg, known in the art as 2'-0-dimelhylaminoethoxyelhyl, i.e., 

92.5%). 2'-0— CH.— O— CH2— N(CH.)., or 2'-DMAE0E nucleo- 

5 *-0-DMT-2-0 -(dimethyl ami nooxyet hyl)-5-melhylu rid ine side amidites) are prepared as follows. Other nucleo.side 

2'-0-(dimethylaminooxyethyl)-5-methyluridiQe (750 mg, amidites are prepared similarly. 

2,17 mmol) is dried over P0O5 under high vacuum overnight 2'-0-[2(2-N,N-diraethylarainoethoxy)ethyl]-5-methyl Uri- 

at 40° C. It is then co-evaporated with anhydrous pyridine dine 

(20 mL). The residue obtained is dissolved in pyridine (11 2[2-(Dimelhylamino)elhoxy]ethanol (Aldrich, 6.66 g, 50 

mL) under argon atmosphere. 4-dimethylaminopyridine mmol) is .slowly added to a solution of borane in tetrahy- 
(26.5 mg, 2.60 mmol), 4,4<limelhoxytrityl chloride (880 40 drofuran (1 M, 10 mL, 10 mmol) with stirring in a 100 mL 

mg, 2.60 mmol) is added to the mixture and the reaction bomb. Hydrogen gas evolves as the solid dissolves. 02- ,2'- 

mixture is stirrcd at room temperature until all of the starting anhydro-5-raelhyluridine (1.2 g, 5 mmol), and sodium bicar- 

malerial disappeared. Pyridine is removed under vacuum bonate (2.5 mg) are added and the bomb is sealed, placed in 

and the residue chromalographed and eluted with 10% an oil bath and heated to 155 C. for 26 hours. The bomb is 
MeOH in 011201^ (containing a few drops of pyridine) to get 45 cooled to room lera}ierature and ojiened. 'Hie crude solution 

5*-0-DMT-2 -0-(dimethylaminooxyethyl)-5-methyiuridine is concentrated and the residue partitioned between water 

(1.13 g, 80%). (200 mL) and hexanes (200 mL). The excess phenol is 

5'-0-DMT-2'-0-(2-N,N-dimethyIaminooxyethyl)-5- extracted into the hcxane layer. The aqueous layer is 

melhyluridinc-3' -[(2-cyanoethyl)-N,N- extracted with ethyl acetate (3x200 mL) and the combined 
diisopropylphosphoramidite] 50 organic layers arc washed once with water, dried over 

5'-0-0 MT-2'-0-(d ime thy lam i nooxyet hyl )-5- anhydrous sodium sulfate and concentrated. The residue is 

methyiuridine (1.08 g, 1.67 mmol) is co-evaporaled with columned on silica gel using methanol/niethylenc chloride 

U t. . ).«; ). n) ilk; i.siu.u* N ,1^' -Jiisiij v ' nirSt/Io ) -m., .\ . 

razonide (0.29 g, 1.67 mmol) is added and dried over IKO^ column fractions arc concentrated a colorless solid forms 

under high vacuum overnight at 40° C. 'llien the reaction which is collected to give the title compound as a white 
mixture is di.ssolved in anhydrous acetonitrile (8.4 mL) and " solid. 

2-cyanocthyl-N,N,N',N--tetrai.sopropylpho.sphoramidite 5'-0-dimethoxytrityl-2'-0-[2 {2-N,N- 

(2.12 mL, 6.08 mmol) is added. The reaction mixture is dimelhyIaminoethoxy)cthyl)]-5-methyl Uridine 
stirred at ambient temperature for 4 hrs under inert atnio- To 0.5 g (1.3 mmol) of 2'-0-[2( 2-N,N- 

sphere. The progress of the reaction is monitored by ILC dimethylaminoethoxy)ethyl)]-5-mcthyl uridine in anhy- 

(hexane:ethyl atxJtate 1:1). 'Hie solvent is evaporated, then drous pyridine (8 mL), tricthylamine (0.36 mL) and 

the residue is dissolved in ethyl acetate (70 mL) and washed dimethoxytrilyl chloride (DMT-Cl, 0.87 g, 2 eq.) are added 

with 5% aqueous NallCOj (40 mL). Ethyl acetate layer is and stirred for 1 hour. 'ITie reaction mixture is poured into 

dried over anhydrous Na^SO,, and concentrated. Residue water (200 mL) and extracted with CH2C12 (2x200 mL). 

obtained is chromatographed (ethyl acetate as chicnt) to get The combined CH2C12 layers are washed with saturated 
5'-0-DMT-2'-0-(2-N,N-dimethylaminooxycthyl)-5- 65 NaHC03 solution, followed by saturated NaCl solution and 

methyl uridine-3'-[(2-cy a nocthyI)-N,N- dried over anhydrous sodium sulfate. Evaporation of the 

diisopropylphosphoramidite] as a foam (1.04 g, 74.9%). solvent followed by silica gel chromatography using 
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Mc011:CII2C12:El3N (20:1, v/v, with 1% triclhylaminc) having, for instance, alternating MMI and P=0 or I^S 

gives the title compound. linkages are prepared as described in U.S. Pat. Nos. 5,378, 

5'-0-!)imcthoxyirityl-2'-0-[2(2-N,N- 825, 5,386,023, 5,489,677, 5,602,240 and 5,610,289, all of 

d inict hy la niinoct ho xy)cthyl)]-5 -methyl uridine-3'-0- which are herein incorporated by reference. 
(cyanocthyI-N,N-diisopropyl)pbosphoramidite 5 Formaceial and thioforniacetal linked oligo nucleosides 

Diisopropylaminotelrazolide (0.6 g) and 2-cyanoethoxy- are prepared as described in U.S. Pat. Nos. 5,264,562 and 

N,N-diisopropyl phasphoramiditc (.1.1 mL, 2 eq.) are added 5.264,564, herein incorporated by reference, 

to a solution of 5*-O-diraethoxytrityl-2'-0-[2(2-N,N- Ethylene oxide linked oligonuclcosides are prcpared as 

dimethylaminoethoxy)ethyl)]-5-mcthyluridine (2.17 g, 3 described in U.S. Pat. No. 5,223,618, herein incorporated by 

nimol) dissolved in CH2C12 (20 niL) under an atmosphere reference, 
of argon. The reaction mixture is stirred overnight and the 

.solvent evaporated. The resulting residue is purified by silica Example 4 
gel flash column chromatography with ethyl acetate as the 

eluen_Lto give the iitlej;prapo.und. Synthesis of Ghimeric Oligonucleotides 

Example 2 Chimeric oligonucleotides, oligonuclcosides or mixed 

oligonucleolides/oligonucleosides can be of several difl'erent 

Oligonucleotide SynthesLs types, lliese include a first type wherein the "gap" segment 

. . , , . . , . ... of linked nucleosides is positioned between 5* and 3"*wing" 

Unsubsiituted and substituted phosphodicster (^O) oh- segments of linked nucleosides and a second "open end" 

gonucleotides are synthesized on ati automated DNA syo- ^^^^^-^ . „ ^ j^^^^^^ ^-^^^^ ^^^^ y 

thesizer (Applied Biosystems model 380B usmg standard 5, ^^^^-^^^ oligomeric compound. Oligonucle- 

phosphoramidite chemistry with oxidation by iodine. ^^^^^ ^^^^ ^^^^ ^^^^ ^'gapmers" 

Phosphorothioates (P=S) are synlhesized as for the phos- or gapped oligonucleotides. Oligonucleotides of the second 

phodiester oligonucleotides except the standard oxidation type are also known in the art as "hcmiraers" or "wingmers". 

bottle is replaced by 0.2 M solution of 3H-1,2- [2'-0—MeH2'-0-deoxyH2'-0— Me] Chimeric Phospho- 

benzodithiole-3-one 1,1-dioxide in acetonitrile for the step- rothioate Oliaonucleotides 

wise ihiaiion of the phosphite linkages. The thiation wait Chimeric oligonucleotides having 2'-0-alkyl phospho- 

step is increased to 68 sec and is followed by the capping rothioate and 2'-0-deoxy phosphorothioate oligonucleotide 

step. After cleavage from the CPG column and deblocking segments are synthesized using an Applied Biosystems 

m concentrated ammonium hydroxide at 55 C (18 h), the automated DNA synthesizer Model 380B, as above. Oli^o- 

oligomiclcotides may be puriQcd by precipitating twice with nucleotides arc synthesized using the automated symhcsizer 

2.5 volumes of ethanol from a 0.5 M NaCl solution. Phos- ^^d 2'-deoxy-5'-dimethoxytrityl-3'-0-phosphoramidite for 

phinaic oligonucleotides arc prepared as described in U.S. j^^^ portion and 5'-dimethoxytrityl-2'-0.methyl-3'-0- 

Pat. No. 5,508,270, herein incorporated by reference. phosphoramiditc for 5' and 3' wings. The standard synthesis 

Alky! phosphonatc oligonucleotides arc prepared as cycle is modified by increasing the wait step after the 

described in U.S. Pat. No. 4,469,863, herein incorporated by delivery of letrazole and base to 600 s repeated four times 

reference. for UNA and twice for 2'-0-methyI. The fully protected 

3'-Deoxy-3'-methylene phosphonate oligonucleotides are oligonucleotide is cleaved from the support and the phos- 

prepared as described in U.S. Pat. Nos, 5,610,289 or 5,625, phate group is deprotected in 3:1 ammonia/ethanol at room 

050, herein incorporated by reference. . temperature overnight then lyophilized to dryness. Treat - 

Phosphoraraidite oligonucleotides are prepared as ^ ment in methanolic ammonia for 24 hrs at room temperature 

described in U.S. Pat. No. , 5,256,775 or U.S. Pat. No. then done to deprotect all bases and sample is agam 

5,366,878, herein incorporated by reference. lyophilized to dryness. The peUet is resuspended in IM 

, ... J I'BAF in TH I* for 24 hrs at room temperature to deprotect 

Alkylphosphonothioate oligonucleotides are prepared as ^ ^, ^^sitions The reaction is then auenched with IM 

described in published PCT applications PCr/US94/00902 JpnA'A*^ !^ T ^^^/^i"^*'^" 7" qucncneci wuh IM 

1 iii^r/iit-ni/n^mii / ii- i i \\Tr\ nA i ^ nnn^ i lur^ 4S J EAA and thc samplc IS then reduced to Yi volume by 

o^So T f ro'ovac before being desalted on a G25 size exclusion 

94/02499, respectively), herein incon)orated by reference. , m_ i- j • *i- 1 j . u 

^ * column. 1 tic oligo recovered is then analyzed spectropho- 

3'-Deoxy-3'-aminophosphoraraidate oligonucleotides are tometrically for yield and for purity by capillary electro- 
prepared as described in U.S. Pat. No. 5,476.925, herein phoresis and by mass spectrometry. 

incorporated by reference. [2'-0-(2-Methoxyethyl)]--[2*-deoxy ]--[2'-0- 
Phosphotriester oligonucleotides are prepared as ' (Melhoxyethyl)] Chimeric Phosphorothioate Oligonucle- 

described in U.S. Pat. No. 5,023,243, herein incorporated by otides 

'^^.rr'-r. r;. p. :i. •!(.(. x,..-i';yt}' f-- ' f'" ^ • *! 

Bora no phosphate oligonucleotides arc prepared as (melhoxyethyl) J chimeric pho.sphorothioate oligonucle- 
dcscribed in U.S. Pat. Nos. 5,130,302 and 5,177,198, both _^ otides may be prepared as ()er thc procedure above for the 
herein incorporated by reference, ' 2'-0-inethyl chimeric oligonucleotide, with the substitution 

of 2'-0-(niethoxyethyl) amidites for the 2'-0-methyl aniid- 

Examplc 3 jjes. 

^ , . [2'-0-(2-Mcthoxyethyl)Phosphodicstcr]--[2*-deoxy 

Ohgonuclcoside Synthesis Ph osp h oro t h i o a t e ] - -[2 0 -(2-M e t ho x ye ih y 1 ) 

Methylenemethylimino linked oligonucleosidcs, also Pho.sphodiesler] Chimeric Oligonucleotides 

identified as MMI linked oligonuclcosides, methylenedim- [2*-0-(2-mcthoxycthyl phosphodiester]--[2'-dcoxy 

ethylhydra/x) linked oligonuclcosides, also identified as phosphorothioate]"[2'-0-(methoxycthyl) phosphodiesier] 

MDM linked oligonucleosidcs, and methylenccarbony- chimeric oligonuclwtidcs arc prcpared as per the above 

lamino linked oligonuclcosides, also identified as amidc-3 procedure for the 2'-0-mcthyl chimeric oligonucleotide with 
linked oligonuclcosides, and methylencaminocarbonyl 65 the substitution of 2'-0-(methoxycthyl) amidites for the 

linked oligonucleosidcs, also identified as amide-4 linked 2'-0-melhyl amidites, oxidization with iodine to generate 

oligonuclcosides, as well as mixed backbone compounds the pho.sphodiesler internucleolide linkages within the wing 
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portions of the chimeric structures and suiriirizalion utilizing 
3,11-1,2 bcnzociithioIc-3-onc 1,1 dioxide (licaucagc 
Reagent) to generate the phosphorolhioate inlernuclcoiide 
linkages for the center gap. 

Other chimeric oligonuclcolides, chimeric oligonucleo- 
sides and mixed chimeric oligonucleotides/oligonucleosidcs 
are synthesized according to U.S. Pat. No. 5,623,065, herein 
incorporated by reference. 

Example 5 



Ohgonuclcotide Isolation 

After cleavage from the controlled pore glass column 
(Applied_Biosyslcms) _and_debIocking_in_concenlrated- 
amraoniura hydroxide at 55° C. for 18 hours, the oligooucle- 
otidcs or oligonucleosidcs arc purified by precipitation twice 
out of 0.5 M NaCl with 2.5 volumes ethanol. Synthesized 
oligonucleotides may be analyzed by polyacryl amide gel 
electrophoresis on denaturing gels and judged to be at least 
85% full length material. The relative amounts of phospho- 
rothioate and phosphodiester linkages obtained in synthesis 
may be periodically checked by ^^P nuclear magnetic reso- 
nance spectroscopy, and for some studies oligonucleotides 
may be purified by HPLC, as described by Chiang et al., J. 
Biol. Chem. 1991, 266, 18162-18171. Results obtained with 
HPLC-purified material may be similar to those obtained 
with noD-HPLC purified material. 

Example 6 

Alternative Pathway Rcconstitution 

The alternative pathway was reconstituted with purified 
human proteins essentially as described by Kcil (Keil ct al.. 
Am J Hematol 1995;50(4):254-62). 

Example 7 

Complement Activity Assay 

Measurement of complement activity was accomplished 
by measuring C3 convertase activity by combining the 
following C3 (125 /fg/ml). Factor B (20 //g/ml) and Factor 
D (0.2 /fg/ml) in Hand's Balanced Salt Solution (HBSS) 



//g/ml) Factor O (0.2//g/ml), Factor M (25 //g/ml) and Factor 
I (2 //g/ml) in Mand\s Balanced salt Solution (MBSS) bnfi- 
ercd with 5 mM MEPES, pi I 7.2. Incubations were carried 
out under ambient conditions in the presence of oligonucle- 
5 otidc concentrations (up to 300 //g/ml). Aliquols were 
removed at selected intervals and immediately diluted 
50-fold in ice cold ELISA dilution bun:en Complement split 
products were mea.su red by ELISA. Complement activation, 
in serum was measured in both rhesus monkey and human 
serum as follows: 

Dilutions of oligonucleotides were added to nomial 
human or rhesus serum at a 1:10-1:20 ratio, v/v. The 
samples were incubated at 37° C. and aliquots removed at 

selected, inten^als.- Complemeot-activation-was-lerminated - 

by either placing the aliquots in an acid precipitating reagent 
for RIA determinations, or by diluting the aliquots 1:50 in 
ice cold sample diluent for ELISA determinations. 

As controls for some experiments zymosan A (500 //g/ml) 
or cobra venom factor (CVF; 2 U/ml) were used to activate 
the alternative pathway in the presence of the oligonuclc- 
~^ otide. Each was added at a final volume of 1:20. 

Example 8 



In vivo Activation of Complement 



25 



Cynomolgus monkeys received single doses of 2 to 20 
liig/K-g ofoiigonucieoiidc or a vehicle control solution by i.v. 
infusion for periods ranging from 2 to 120 minutes. Mea- 
surement: 

The level of complement split products Bb, C3a , C4a and 
C5a was determined in EDTA plasma samples using com- 
mercially available (Amersham Life Sciences, Amersham, 
Little Chalfont, Buckinghamshire, England; Quidel, San 
Diego, Calif.) radioimmunoassay or enzyme-linked immu- 
nosorbent assay kits. 

Total hemolytic complement activity in serum (CH50) 
was assayed in serum samples using the standard hemolytic 
assay (Harbeck et al., Diagnostic Immunology laboratory 
Mamial pp 9-20, Raven Press, New York, 1991). Factor H 
concentrations in monkey plasma was determined by radial 
immunodiffusion (Harbeck et al.) using an anti-human Fac- 
tor H antibody. 



SEQUENCE LISTING 



<160> NUMBER OF SEQ ID NOS : L 

<210> SEQ ID NO 1 
<211> LENGTH: 20 
<2\7.> TYPE: DNA 

<213> ORGANISM: Artificial Sequence 
<400> SEQUENCE: 1 

gcccaagctg gcatccgtca 20 



buITcred with 5 mM HEPES, pH 7.2. Incubations may be 
carried out under ambient conditions in the presence of 
oligonuclcotide-(conccntrations up to 3007*g/ml) . Aliquots 
may be removed at selected intervals and immediately 
diluted 50-fold in ice cold EEISA dilution buffer. Comple- 
ment split products may be measured by ELISA. 

In another example measurement of complement activity 65 
was accomplished by measuring C3 convertase activity by 
combining the following C3 (125 //g/ml). Factor B (20 



What is claimed is: 

1. A method for modulating complement activation in a 
cell, tissue or a bodily lluid comprising independently 
administering to said cell, tissue or bodily fluid a first 
concentration and a second, independent concentration of an 
oligonucleotide which comprises one or more phcspho- 
rothioate modificatioas, wherein .said oligonucleotide ini- 
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tiatcs complemcnl activation at said first concentration and 3. Tht; method of claim 1, wherein said second concen- 

inhibits complement activation at said second, independent tration Ls at least 2(*0 //g/ml. 

concentration. 

2. llic method of claim 1, wherein said first concentration 
is less than or equal to 8() //g/ml. * * * * 



DOCUMENT-IDENTIFIER: US 5698449 A 
TITLE: Synthetic peptide and its uses 



BSPR: 

The invention further provides a test kit for detecting or 
quant i tat ing immune ' ' - - 

complexes comprising a container of the Clq fragment or a 

cOiiLuiiier uL Liic 

synthetic peptide. Also, the synthetic peptide or Clq fragment 

may— be- used— to — ■ 

treat an inflammatory response in a mammal by administering to 
the mammal at 

the site of inflammation an amount of the Clq fragment or 
synthetic peptide 

effective to inhibit the binding of immune complexes by Clq. 
DEPR: 

The Clq fragment or synthetic peptide can also be used as an 
anti- inflammatory 

drug. Inflammation in some diseases, such as rheumatoid 
arthritis, has been 

associated with the deposition of immune complexes in tissues and 
the 

activation of the complement cascade. It is the binding of Clq 
to immune 

complexes deposited in the tissues which intitiates the 
complement cascade, and 

the action of the complement components, alone or concurrently 
with other 

biologic molecules, ultimately leads to tissue damage. 
DEPR: 

Accordingly, a Clq fragment or synthetic peptide according to the 
invention can 

be administered to a mammal suffering from inflammation mediated 
by the 

classical complement pathway to inhibit the binding of immune 
complexes by Clq 

and, thereby, prevent tissue damage and further inflammation. 
The Clq 

fragments or synthetic peptides are preferably injected at the 
site of 

inflammation in the mammal in order to obtain an adequate local 
concentration 

of Clq fragments or synthetic peptides. The advantage of such a 
therapeutic 

approach is that small peptides are less likely to illicit an 
immune response 
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■~whlxh"""wou±d~rende"r^t"he~drug"^r^ ^ — ~ — — - 

DEPR: 

The resulting inhibition curve is presented in FIG. 6. The 50% 
inhibition 

concentration was approximately 10 .mu-M, which was an order of 
magnitude 

higher than the 50% inhibition concentration for CBP2 inhibiting 
Protein A. The 

50% inhibition concentration for liquid phase Clq inhibiting 

was approximately 10 nM or 1000 fold less than the CBP2 

concen t r a txon ~( see " FTG\ ' — - 

6) . 

DEPR: 

4. Equal molar concentrations of luteinizing hormone releasing 
hormone (LHRH) 

(Beckman Instruments, Palo Alto, Calif.) or various 
concentrations of Protein A 

were substituted for CBP2 in the inhibition assay described in 
Part B. In the 

case of the Clq inhibition experiments, LHRH and Clq were 
substituted for CBP2 

as a negative and a positive control, respectively. The use of 
LHRH also 

tested whether the inhibition of Protein A or Clq by CBP2 was due 
to CBP2 

specifically, or simply due to nonspecific effects attributable 
to a small 

peptide. The results are shown in FIGS. 5 and 6. As indicated 
in these 

figures, LHRH demonstrated no Protein A or Clq inhibitory 
activity over the 

same concentration range examined for CBP2, and both Protein A 
and Clq were 

inhibitory, as expected. 
DEPR: 

Based on the inhibition data in conjunction with the above 
controls, it can be 

concluded that CBP2 inhibits Clq and Protein A binding of Ig~HRP 
through a 

binding interaction with solution phase Ig-HRP, The results 
indicate that CBP2 

binds immunoglobulin in a specific manner. 
DEPR: 

A 1 ml sample of 20 .mu.g/ml PAP was loaded on an equilibrated 
CBP2 column 

(prepared as described in Example 3) and allowed to circulate 
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corTtTi nuo u s ty^f o'r 
15 min over the column. The column was then washed with 12 ml 
Clq buffer, 

followed by 3 ml of 336.2 .mu,g/ml CBP2 (this CBP2 concentration 
was 20 times 

the concentration of CBP2 needed to give 50% inhibition Ig-HRP 
binding to Clq) 

diluted in Clq buffer. An additional 6 ml of Clq buffer was used 
to wash the 

column followed by 3 ml of 2% (v/v) acetic acid and then with 6 
ixix oil oxq 

buffer to completely wash the column. Fractions were collected 

"arid^ass^yed^f o^r"" ' ~ — 

the presence of peroxidase activity as described above in Part A. 
A control 

column was run as described above, except that 3 ml of LHRH at an 
equimolar 

concentration as the CBP2 solution, was substituted for the CBP2 
wash . 

DEPR: 

To address the question of nonequilibrium conditions, a 1 ml 
sample of 20 

.mu.g/ml PAP plus 200 .mu.g/ml CBP2 (0.1 mM; a ten times greater 
concentration 

than that required to give 50% inhibition of Ig-HRP binding to 
Clq) or 152 

, mu.g/ml LHRH (O.lmM) was incubated for 1 hour at 25. degree. C. 
and then 

loaded on a pre-equilibrated CBP2 column and allowed to pass 
continuously over 

the column for 15 min. The sample was then eluted with 21 ml Clq 
buffer 

followed by 3 ml of 2% (v/v) acetic acid and then 6 ml Clq 
buffer. The column 

fractions were assayed for the presence of peroxidase as 
described above in 

Part A, and the concentration of PAP was calculated from the 
standard curve 
data . 

DEPL: 

D. CBP2 Inhibition of Solid Phase Clq. 
DEPL: 

E. Control Experiments For CBP2 Inhibition Of Protein A And Clq 
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[57] ABSTRACT 

The invention provides a fragment of Clq which is charac- 
terized in that a plurality of such £rag;ments selectively binds 
inmiune con^lexes or aggregated immunoglobulins in the 
presence of monomcric inmumoglobulin. The invention also 
provides a synthetic peptide comprising the sequence: 

LcuGhjGlnGlyGhiAsDValPbcLcuGbAla'nir [SEQID N0 2J 
1 5 10 

or variants thereof capable of binding immunoglobulin. Like 
the Clq fragment, a plurality of the peptides can selectively 
bind immune complexes or aggregated imrounogiobulins in 
the presence of monomeric immunoglobulin. As a result of 
this property, the fragments and p^tides are well-ad^>ted 
for removing inmuine complexes and aggregated immuno- 
globulins from fluids containing monomeric 
immunoglobulin, and for detecting or quantitating iimnune 
complexes iu such fluids. The iuvcntioa also piovides a 
binding material for removing imimune conq>lexes ct aggre- 
gated immunoglobulins from a fiuid. The binding material 
comprises plural binding peptides, the peptides being char- 
acterized in that a plurality of them selectively binds 
inunune complexes and aggregated immunoglobulins in the 
presence of moonomeric immunoglobulin. 

6 Claims, 15 Drawing Sheets 
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FIG.I 



PROTEIN A FRAGMENT B 
(RESIDUES 142-153).- 



^sn Glu Glu _Gin Atg Asn _Gly 

' 5 



Phe He Gin Ser Leu 
10 

(SEQ ID NO. l] 



Clq B CHAIN HELIX 
(RESIDUES 189-200)- 



Leu Glu Gin Gfy Glu Asn 
i 5 



Vol Phe Leu Gin Ala Thr 

10 

[SEQ ID NO. 2] 

CBP2-- 

Leu Glu Gin Gly Glu Asn 

I 5 



Vol Phe Leu Gin Ala Thr 

10 



Leu Leu 



Cys 
15 



[SEQ ID NO. 3] 
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FIG.2 



B. Protein A Fragment B Clq B Chain Helix^ 

(Residues 142- 153) (Residues 189-200) 
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FIG. 3 
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FIG.4A 
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FIG. 9A 



FIG.9B 
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FIG. 12 
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FIG. I3A 
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FIG. 14 B 
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SYNTHETIC PEPTIDE AND ITS USES present in immune complexes. Id. The result is a higher net 

affinity for immune conq^lexes (id.) due to the low prob- 
This aj^lication is a division of application Ser. No. ability of more than one bound globular head receptor 
07/598»416, filed Oct. 16» 1990. now U.S. Pat. No. 5364, dissociating simultaneously (i.e., a functional affinity 
930. 5 develops). Thus, when Clq is presented with both immune 

coit^lexes and monomcric immunoglobulin, it selectively 
FIELD OFTHEINVENnON binds to the immune com|)4exes because of the slower 

This invention relates to a fragment of Clq and to a dissociation kinetics of the immune complexes, 
synthetic peptide and to their use to selectively bind immune Many investigators have tried to identify the residues on 
complexes and aggregated immunoglobulins. The invention ummunoglobulins that are recognized by Clq. Initial theo- 
also relates to a binding material which can be used to retical studies that compared the sequences of immunoglo- 
selectively remove immune complexes and aggregated hulin Fc regions of various ^»edes known to bind human 
immunoglobulins from fluids. Clq produced four possible sites in two geno-al locations: 1) 

the residues flankingTcp277^andTy278 (residues 275-295^ 
__^ACKGR0XJND.OF_THE.I^^ iS~{i:tmsefai7J. Immunol, 127, 2555-60 (198 l);Ptystowsky 

An immune complex is an aggregate of immunoglobulins, ^} '^'/'T:^'''^^^:}^' ^"^^^.^ ^} ""f 

non-immunoglobulin serum pSeios. and antigenTlmmune ^^"^^ ^^"^18 (residues 31(^338) (StaUnhelm et al., 

complexes are formed as a natural consequence of the ^^^^^^ Burton el aL Namre, 

immuacresponsetoaniigensofinfecdousagcnts,tonoimal ^ 288. 338-44 (1980)). Various studies by authors ad^ 

tissue components in the case of autoimmune diseases, to ^ Foduccd conflictmg results, 

tumor-associated antigens, and to other antigens. The com- However. Duncan and Winter recently performed a series 

plexes are normally removed by the cells of the reticuloen- of more conclusive experiments. Duncan and Winter, 

dothelial system. When this system is compromised or Nature, 332, 738-40 (1988). Using recombinant DNA 

overloaded, circulating inumine con^dexes may deposit in a techniques, ttiey were able to systematically alter the various 

numba* of organs, thereby causing possibly severe clinical ^ residues of the two disputed sites. Then, by determining the 

problems. Further, in cancer, it is postulated that immune ability to bind Clq of each of the resulting 

complexes naay block other effector mechanisms of the imnii?npglobuiiiis. the actual site and specific binding resi- 

immune system which would otherwise destroy tnaiignflnt dues were determined. They localized the core of the Clq 

cells. Several studies have indicated that removal of circu- interactions to residues 318, 320, and 322 in the Fc region 

lating imrmine con:^>lexes may be an effective thexqx^tic of human IgG. Despite, the success of Duncan and Winter, 

technique. Sec, e.g.. Theofilopoulos and Dixon, Adv, the site on immunoglobulins where Clq binds may not be 

Immunol, 28, 90-220 (1979); Theofilopoulos and Dixon, limited to the residues indicated by their work. In fact, other 

Immunodiagnostics of Cancer, page 896 (M. Decker Inc., immunoglobulin residues may also be invdved in the Clq- 

New York, N.Y. 1979). immunoglobulin interaction that could not be detected using 

Immune complexes form as a result of imnainoglobulins aPF^ach. This will not be resolved untU high rcsolu- 

reacting with antigens. ImmunoglobuHns are able to ctoss- ^'^^^ diffraction data are obtained for the Clq-Fc region 

Unk antigens so that a lattice network of iimmmoglobuUns complex and the conq>lete binding interaction is detcrmined 

bound to antigens is formed. Once the antigen- Bacterial proteins such as SlSr^Ay toc/?cctt5 a«rew5 ftrtdn 

immunoglobulin reaction has occurred, the immune com- ^ A also bind to the immunoglobulin Fc region. Unlike Clq, 

plex can then be decorated with a variety of senim proteins the Protein A-immunoglobulin interaction is understood in 

such as the proteins of the complement cascade. detail. In a series of crystallograf^c studies by Deisenhofer. 

Complement conqwnent Clq selectively binds irmnune al., the structure of human IgG Fc. Protein A. and finally 

complexes in the presence of nwnomeric imrminoglobulin ^® Fc-Protein A I^agment B co-oystal were dcter- 

because of the iholecule's ability to develcp a 'functional 45 niincd. Deisenhofer ct al„ //op/wr-5eyitfr's Z Physiol Chem, 

afl&nity" when binding immune complexes. A 'functional ^59. S. 975-85 (1978); Marquart et al.. / Mol Biol,, 

affinity" results when multiple low afiSnily receptors, con- ^^^^ 369-91 (1980). One of the most inyKMtant pieces of 

fined in space, interact with multiple ligands, which are also information to come from this structure is the exact contact 

confined in space. Normally, an individual ligand would residues involved in the inteiaction. Those residues are Met 

rapidly associate and dissociate from the low affinity recep- 50 ^^^^ ^ ^In 3 11. 

tor but, when multiple Ugands in a complex interact with Asn 312, His 433, Asn 434, His 435. and Tyr 436 of the 

mii^jTiir- rccf^ptorr,. thc^ f^'s«;odntjon fivm iho rwulo^-s is h!»man IgG Fc Tn^on. These residues are located at the 

very slow since the piobabiiiLy oi' ail iigands dissooatiug at aitciiacv beiv/vieu lUo LlU aii^ CiLi li^^om, oi the i'c 

the same time is vwy low. The slower dissociation rate portion of IgG. and some of them (309-312) are in dose 

results in an affinity sevoral orders of magnitude greater than 55 proximity to the proposed immunoglobulin bmding site for 

the individual receptor's affinity. The difference in affinities 18, 320 and 322). 

for the individual ligand and the complexed Ugand produces Unlike Clq, Protein A binds to the Fc portion of immu- 

a selection for the con^lexed Ugand when presented with noglobulins widi high affinity. EUman. Arrh. Biotkem. 

both species. Biophys., 74. 443-450 (1958). Thus. Protein A cannot dif- 

The mature Clq molecule contains two distinct portions, 60 ferentiate between complexed and monomcric irmminqglo- 

the stalk and the globular head. There are six globular head bulins. 

regions per Clq molecule. Each contains a low affinity However. PCT application WO 89/04675 teaches the 

immunoglobulin binding site. Hughes- Jones and Gardner. preparation of analogs of I¥otein A that have a lower affinity 

Immunology, 34, 459-63 (1978); Duncan and Winter, for the Fc region and which can develop a functional aflBnity 

Nature, 332. 738-40 (1988). Since there are six globular 65 for immune con9)lexes when arrayed in a specific ntannen 

head regions on Clq. the molecule can form multiple The analogs are analogs of a binding domain of I^ein A or 

binding interactions with the multiple immunoglobulins of related sequences from functionally similar bacterial 
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nrotcins such as Protcia G (sec page 10). lids PCT appli- 
cation rqxorts that oligomers of the analogs, or an array of Leu Ghi gId oiy Ghi asd Vai Phe Leu Ob Ala thr \seq id no 2] 

the analogs disposed about the surface of an insoluble ^ ^ 

matrix, develc^ a funcUonal afiSoity fca: immune complexes. or a combination of the two. Immune complexes and aggre- 

^ gated immunoglobulins can be removed from fluids con- 

SUMMARY OF THE INVENTION taining them by contacting the fluids with the binding 

™^ . - ♦ * r-, u . material at a temperature and for a time sufficient to bind the 

The mvention provides a tagment of C q which is -^^^ completes and aggregated immunoglobulins to the 

diaractemedrnthataplurahtyofsuAfr^^ matmal, andO^n separatg^c fluid from the mate^^^ 

biiKlsmmuinccomplexesoraggregatedui^^^ ,o invention also provides a device for removing immune 

the i^sence of moaomenc umnunoglobulm. The fragment j^^^^ ^ a^egated immunoglobulins from a fluid 

can be used to bmd immune complexes or aggregated ^n.rZ^t>i^» ^k* ^aZ^ 

immunoglobulins. It can also be usedto detect orlGantUatc ^^^^Btht bmdmg matcnal and a means for cncasmg 

uumuuujsiuumm*. «iu iuau uc u»«* lu ucioci w quauuiaic matcnal SO that the fluid cau be contacted with it. 
umnune con^lexes or to remove immune complexes <^ 

aggregated immunoglobulins from fluids. In particula r, since 15 BRIHF DBSGRIFnON-OF THE DRAWINGS 

^a_plurality of- the fragments-can- selectively land iinmune 

complexes or aggregated immunoglobulins in the presence ^* Shown are the sequences (from top to bottom) of 

of monomeric immunoglobulin, the fragment is especially ^* aureus I^otein A fragment B, the predicted helical region 

weU-ad^ed for removing immune con^)lexes and aggre- of Clq, and CBP2 (Peptide (SEQ ID NO 3). 

gated immunoglobulin from fluids containing monomeric 20 ^- Helical wheel diagrams for the helical region of 

immunoglobulin and for detecting or quantitating immune Protein A (residues 142-153), predicted helical region of 

complexes in such fluids. Clq B chain (residues 189-200), and CBP2. 

The invention also provides a synthetic peptide compris- ^- Shows the elution pr<^e of CBP2 on a Sephadex 

ing the sequence: G25 column. 

25 FIG. 4A: Reverse phase High Performance Uquid Chro- 

Leu Glu Gin Gly Ghi Am Vai Phe Leu Ob Ala Tbr |SEQ ID NO 2] matography (HPLC) chromatograph of CJBP2 under reduc- 



1 5 10 



ing conditions. 



cr variants thereof capable of binding iimxiunogiobulin. The Reverse phase HPLC diromntograph of CBP2 
synthetic peptide can be used to bind immune complexes or ^ under nonredudng conditions. 

aggregated immunoglobulins, to detect or quantitate FIG. 4C: Reverse phase HPbC diromatograph of CBP2 

immune complexes, or to remove immune complexes <x in the presence of an oxidizing agent to favor the formation 

aggregated immunoglobulins from fluids. Like the Clq of disulfide linked CBP2 peptides. 

fragment, a pluraUly of the peptides can selectively bind fIQ, 5: shows the inhibition of the binding of immuno- 

immune complexes or aggregated immunoglobulins in the globulin labeled with horseradish peroxidase (Ig-HRP) to 

presence of moncaneaic inouuunoglobulin. As a result of fliis solid phase Protein A by CBP2, Protein A, or lutenizing 

projKrty, the pqjtid^ of the invention are also well-adapted hormone releasiAg hormone (LHRH). 

for removing immune complexes and aggregated immuno- ^, ^^^^^ ^^^^^^^ ^.^^ ^^^^ 

globulin from fluids containing monomeric ig_HRPto soUd phase Clq by CBP2, Clq, or LHRH. 

immunoglobuhn, and for detecting or quantitating imnume ^ ^ . . ^; ^. / .. , , 

complexes in sudi fluids. ^* P^^^ horseradish peroxidasc/anU- 

Ti.^ r-i^ fw- t« horseradish peroxidase inimune con^)lexes (PAP) passed 

nic Clq fragment and the symhetic peptide can be ^ HiPAC™ LTQ-CBP2 column^ 

prq)ared m a number of ways, including usmg recombmant ^-^m^^ 

DNA techniques. Accordingly, the invention also conqsrises elution profile of a mixture of PAP plus 
a DNA molecule encoding the Clq fragment or the synthetic ^5 monomeric rabbit IgG. 

peptide, a vector comprising the DNA molecule opcratively ^A: Elution of PAP on a CBP2 cohmin washed with 

linked to expression control sequences, and a host cell solution of CBP2. 

transformed with the vector. The Clq fragment or syndietic FIG. 9B: Elution profile of PAP on a CBP2 cohmm 

peptide can be prepared by culturing the transformed host washed with a s(^ution of LHRH. 

ceU. ^ FIG. 10: The elution profile of PAP on the HiPAC™ 

The inventioii further provides a test kit for detecting LTQ-CBP2 column when PAP were incubated with either 

quantitating imitiunc complexes comprising a container of CBP2 or LHRH prior to being Joaded on the coJiunn. 

\hc Clq ii ;^gaj^iU ov u (.lOiitaiuCi of titc :iyauii;Cit: pcplidt. TiG. il: Viic ciutiou piuliic oi ag^cg^uca ituiouii igC* uii 

Also, the synthetic peptide or Clq fragment may be used to the HiPAC^ LTQ-CBP2 column, 
treat an inflammatory response in a mammal by adminis- 55 FIG. 12: The elution profile of aggregated human IgG 

tering to the mammal at the site of inflammation an amount monomeric human IgG 

of the Clq fragment or synthetic pepdde effective to inhibit ^3^^ ^^^^^ biotinylated aggregated 

the bindmg of mimune complexes by Clq. ^ ^^^^ monomeric human IgG (total Igof 

FmaUy the mvenUon provides a binding material for ^j^. ^j^^ ^ ^ biotinylated aggregated 

removing umrnine complexes or aggr^ated immunoglobu- 60 ^^^^^ uiuimyiaicu ^ 

lins from a fluid The material con^rises plural binding * ^ , . ^. . . 

peptides, the peptides being characterized in that a plurality ^""^^ «f ^^"^g 

of them selectively binds immune complexes and aggre- l^A: The eluUon profile of biotinylated aggregated 

gated immunoglobulins in the presence of monomeric ^^^'^ ^ ^nied pooled normal human plasma (total 
immunoglobulin. Preferably, the binding peptides are the 65 ^SG). 

Clq fragments of the invention or synthetic peptides com- PIG. 14B: Elution profile of aggregated IgG. 

prising the sequence FIG. 14C: Elution profile of Clq binding material. 
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FIG. 15: Grajhh of die ratio of Clq binding material to As used herein, 'Varianr means a synthetic peptide 

Protein A binding material for five patient sera prior to having changes (additions, deletions, or substitutions) in the 

passage over the HiPAC™ LTQ-CBP2 column. specified amino add sequence, provided that the ^Variant" 

FIG. 16: Graph of the ratio of Clq binding material to synthetic peptide stiU has the ability to bind immunoglobu- 

Protein A binding material for five patient saa after passage 5 ''Variants" can have a higho- or Iowa affinity for 

over the HiPAC™ LTO-CBP2 column. immunoglobulin than the specified sequence, but all syn- 

.t^ .. ^. , ^ ^ thetic peptides according to the invention are characterized 

. ^^-.^.^T' ^ f ^"^^ aggregated human ^ ^^^^ selectively bind immune 

IgG diluted in Clq buffer and passea over the HiPAC™ complexes and aggregated immunoglobulins in the presence 

FPLC-CBP2 column. of monomcric immunoglobulin. Preferred Variants" are 

FIG. 18: Shows the elation psofile of biotinylated aggre- those in which dianges in the specified sequence are made 

gated human IgG diluted in normal human plasma and so that the resulting sequence will assume an alpha helical 

passed over the HiPAC™ FPLC-CBP2 column. structure when modeled by secondary structure prediction 

FIG. 19: Graph of the ratio of Clq binding material to programs. 

Protein A binding material for five patient sora after passage . The Clq firagment or ^^thrtte pq>tide.niay_be.niade.m a 

over the HiPAC™ FPLC-CBP2-column, ' i^-variety of ways. For-instance, soUd phase synthesis tech- 

niques may be used. Suitable techniques are weU known in 

DETAILED DESCRIPTION OF THE the art, and indude those described in Mcrrifield, in Chem. 

HIESENTLY PREFERRED EMBODIMENTS Polypeptides, pp. 335-451 (Katsoyannis and Panayotis cds. 

TheClqftagmentof the invention may be any fragment Mmifield, 7. Am. Oiem, Soc, 85. 2149 (1963); 

of a Clq molecule, a plurality of which selectively binds ^ ^^V.f^^^'^J''^^^^^^^^ 

immune complexes and aggregated immunoglobulins in the ^Zfl^^'^^'f ^^P'^fJy'^^'f" ^^^^1^'^' 

presenceofiSonomericiiTi^^ in^VIf/S ^ ^i!^ f 

C , o ^^t^^\t^ r.f o..,, o..<.Jrr^»AK «o 105-253 (1976); and Enckson et aL m 7%^ Proteins, 3rd e<L. 

be a fragment of a Clq moleojle of any species suA as ^ ^^^^ ^ 

humanocmteit Smtable fragment may prcfcnedtcchniqucof making individual Clq fragments 

described ui Example 1 below. The Clq fragment identified ^ ^^^^^ peptides since it is tfie most cost-^eclIe method 
m Example 1 has the sequence making small peptides. 

The Clq fragmeai and synthetic peptide may also be 
Leu Glu Gin Giy Gh: Asn L=u Ga AU TLr (SEQ ID NO 2j in transfonitcd host oeUs using recombinant DNA 

^ techniques. To do so, a recombinant DNA molecule coding 
and other suitable fragments may be identified by examining for the fragment or peptide is j^epared. Methods of prepar- 
the amino add sequences of Clq mcdecuies for sequences ing such DNA molecules are well known in the art For 
homologous to this Clq fragment instance, sequences coding for the Clq fragnaent could be 

The invention also provides synthetic pq)tides con^s- excised from Clq genes using suitable restriction enzymes, 
ing die sequence: Alternatively, the DNA molecule could be synthesized using 

35 chemical synthesis techniques, such as the phosjHioramidite 
i^u Gh! Gb Gly Glu Asu Vai Fhe Leu Gin Ala itir [SBQ ID NO 2] method. Also, a combination of these techniques could be 
1 5 10 used. 

The invention also includes a vector capaUe of expressing 
or vmants thereof capable of binding immunoglobulin. ITxe ciq fragment or synthetic peptide in an appropriate host 

synlheticpeptidesarealsocharactenzeduithatapluiabtyof ^ The vector comprises the DNA molecule that codes for the 
them selectively binds immune complexes and aggregated ^Iq fragment or synthetic pqtfide operatively linked to 
mununoglobulins in tfie presence of monomoic immuno^ apprc^ate expression control sequences. Methods of 
globuliQ. effecting tftis operative linking, either before or after the 

The most preferred synthetic peptide has the sequence: ^NA molecule is inserted into the vector, are weU known. 

45 Expression control sequences include promotes, activators, 
i^u Ghi Gin Gly Oh, Vaj Ph. i.u o^ [SEQ ID NO 3] ^j^^,^ ribosomal binding Sites, Start signals. 

stop signals, cap signals, polyadenylation signals, and other 
Ab Thr i^u Leu Cys signals involved with the control of transcription or trans- 

lation. 

50 The vector must contain a promoter and a transcription 
The sequence termination signal, both operatively linked to the DNA 

T.'tiJ riv r?jsj nh- -^Ju .\«n ^'al I'h -. ? Oli^ Thr '>r vv*^*^:;!c v-o-u>;f^J'^ir ih? r\q CcKjUi'iiA iw .vi'iir;^ . 
SBQ lO NO 3 is that of the Clq fragment identified above The promoter may be any DNA sequence that shows tran- 
(SEQ ID NO 2). The two leucine residues were added to ttie scriptional activity in the host cell and may be derived from 
cait>oxyl terminus of this fragment as spacing residues to 55 genes encoding homologous or heterologous proteins 
separate the potentially active residues from a future solid (preferably homologous and either extracellular or intracel- 
phase su{^rt (see below). The cysteine residue was added lular proteins, such as amylases, glyooamylases, proteases, 
to the carboxyl terminus to allow for coupling of the peptide lipases, cellulascs and glycolytic enzymes, 
to solid phases. This p-eferred synthetic pq)tide is identified The promoter may be preceded by upstream activator and 
herein as CBP2. 60 enhancer sequences. An operator sequence may also be 

As used herein, a "synthetic peptide** means a peptide included downstream of the promoter, if desired, 
which is not a naturally-occurring peptide, although ''syn- The vector should also have a translation start signal 
thetic peptides" may be altered versions of naturally- immediately preceding the DNA molecule, if the DNA 
occurrihjg peptides. '^Synthetic peptides** include peptides molecule does not itself begin witfi such a start signal. There 
synthesized in vitro and peptides synthesized in vivo. In 65 should be no stop signal between the start signal and the end 
particular, "synthetic peptides** include pq^tides produced in of the DNA molecule coding for the Clq fragment or the 
transformed host cells by recombinant DNA techniques. synthetic p^tide. 
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Expression control sequences suitable for use in the fact<H's must be struck with the understanding that not all 

invention are well known. They include those of the E.coU hosts may be equally eflfective for the expression of a 

lac system* the Ecoli tip system, the TAC system and the particular DNA sequence. 

TRC system; the major operator and promoter regions of Within these general guidelines, useiul microbial hosts 
bacteriophage lambda; the control region of filamentaceous S include bactaia (such as £. coli sp.), yeast (such as Sac- 
single-stranded DNA phages; the expression control charomyces sp.) and other fungi, insects, plants, mammalian 
sequences of other bacteria; promoters derived from genes (including human) cells in culture, or other hosts known in 
coding for Sacckaromyces cerevisiae TPI ADH, PGK and the art 

alpha-factor; promoters derived from genes coding for Next, the transformed host is cultured under conventional 

Aspergillus o ry zae TAKA amylase and A. niger lO fermentation conditions so that the desired Clq fragment or 

glycoamylase, neutral alpha-amylase and acid stable alpha- synthetic peptide is expressed. Such fermentation conditions 

amylase; promoters derived from genes coding for Rhizo- are weU known in the ait. 

mucor nUehei aspartic proteinase and lipase; and other Finally, the Clq fragment or synthetic peptide is purified 

sequences known to control the expression of genes of from the culture. These purification methods are also well 

prokaryotic cells, eukar yotic ceUs , tiieirjyinises,„CTL€^ " 

nationTthoeof. The Clq firagment or synthetic peptide may be utilized to 

The vector must also contain one or more replication bind aggregated immunoglobulin or inmmne complexes, 

systems v^ch allow it to replicate in the host cells. In Hie Clq fragment or the synthetic peptide may be added 

partictdar, when die host is a yeast, the vector should contain directly to a fluid containing the aggregated immunoglobu- 

the yeast 2u replication genes REP 1-3 and origin of ref^- 20 lin or immune complexes, or may be attached to a solid 

cation. phase before being contacted with the fluid containing the 

The vector shoidd further include one or more restriction aggregated immunoglobulin or immune complexes, 

enzyme sites for inserting the DNA molecide coding for the As noted above, a plurality the Clq fragn^ents or of the 

C Iq fragment or synthetic peptide and other DNA sequences synthetic peptides selectively binds to immune complexes or 

into the vector, and a DNA sequence coding for a selectable 25 aggregated imrmmoglobulins in the presence oi monomenc 

(H- identifiable phenotypic trait which is manifested when the immunoglobulin. This makes the Clq fragments and syn- 

vector is present in the host cell (**a selection marker^). thetic peptides particulariy well-adar:^ to bind immunp. 

Suitable vectors fcr use in the inveutiou are wcii iosowa. con5>lexes and aggregated immunoglobulins in fluids con- 

They include pUC (such as pUC8 and pUC4K), pBR (such taining monomenc immunoglobulin and for detecting or 

as pBR322 and pBR328), pUR (such as pUR288), phage X. 30 quantitating immune complexes in such fluids. Fhiids which 

and (such as YEp24) plasmids and derivatives thereof. may contain immune complexes or aggregated 

In a preferred embodiment, a DNA sequence encoding a immunoglobulins, as well as monomenc immunoglobulin, 

signal or signal-leader sequence, or a functional fragment include body fluids (such as bloodL plasma and serum) and 

thereof, is included in the vector between the translation start reagent and pharmaceutical products (such as animal sera, 

signal and the DNA molecule coding for the Clq fragment 33 solutions of gamma globulin, isolated blood components, 

or syntfietic p^de. A signal or signal-leader sequence is a soiu'dons containing monoclonal antibodies, etc.). 

sequence of anuno aidAs at the amino terminus of a polypep- Individual Clq fragments and synthetic peptides have a 

ddeorproteinwhichf^videsforsecreticMi of the protein or low affinity for immunoglobulins, including those in 

polypeptide from the cell in which it is produced. Many sudi inmiune complexes and aggregated immunoglobulins, 

signal and signal-leader sequences are known. 40 Accordingly, the plurality of Clq fragments or synflietic 

By including a DNA sequence encoding a signal peptides must be held in sufficient proximity to each other so 

signal-leader amino acid sequence in the vectors of the that multiple points of attachment to the immune complex or 

invention, the Clq fragment or syntketic peptide encoded by aggregated immunoglobulins can be made and a functional 

the DNA molecule may be secreted from the cell in whidi affinity formed (see the discussion of functional affinity in 

it is produced. Preferably, the signal or signal-leader amino 45 the Background section). This can be accomplished by 

acid sequence is cleaved from the fragment or peptide forming oligomers of the Clq fragments or synthetic pep- 

during its searetion from the celL If not, the fragment tides (i.e.. imdtiple copies of the Clq fragment or synthetic 

peptide should preferably be cleaved from die signal or peptide on the same molecule) cr by attaching the Clq 

signal-leader amino add sequence after its isolation. fragments or synth^ peptides to a solid {^ase at an 

Sigaal or signal-leader sequences suitable for use in die 50 effective density, 

invention include Sacckaromyces cerevisiae alpha factor On Uie oligomo-s, the Clq fragments and synthetic pq>- 

(sftc ?T V[if No, 4.546 OR?). S. re fvvluaeti factor '^rrr. IJS. Odcp wH,! .'iparf*^ a<*efji»pfe di^t^nrc aoait to permit the 

FaL No. 4,588,6^), and signal sequences which sac nor- iunuatiou oi multiple poiiils oi aitaclixuciit witSi iuiiuunc 

mally part of precursors of proteins or polypeptides such as complexes and aggregated immunoglobulins. As a result* the 

the precursor of interferon (see U.S. Pat. No. 4,775.622). 55 oligomer will have a higher affinity for immune coiiq)lexes 

The resulting vector having the DNA molecule thereon is and aggregated immunoglobulins than for monomeric 

used to transform an appropriate host This transformation immunoglobulin (i.e., a functional affinity). If necessary, 

may be performed using mediods well known in the art. amiao acid spacers can be used between the Clq fragments 

Any of a large number of available and well-known host and syntiietic peptides to achieve the jffoper spacing. The 

cells may be used in the practice of this inventioa The 60 oligomers can be jMrepared in the same ways as described 

selection of a particular host is dependent upon a number of above for the Clq fragment and synthetic pq)tide. The 

factors recognized by the art These include, for example, oligomers may also be attached to a solid frtiase as described 

compatibility with die chosen expression vector, toxicity to below. 

it of the Clq fragment or synthetic peptide encoded for by Clq fragments or synthetic peptides may also be attached 

the DNA molecule, rate of transformation, case of recovery 65 to a solid phase at an effective density. An effective density 

of the Clq fragment or synthetic peptide, expression is one that allows the immunoglobulin binding sites of the 

characteristics, bio-safety and costs. A balance of these Clq fragments and synthetic peptides to be spaced apart on 
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the surface of the soHd phase m such a niaimer as to permit The immune complexes can be detected a* quantified 
multiple point attachment with the immune complexes or using a Lat>eied cooipoQent that binds to the immune com- 

aggregated Inununoglobulins. At this density, the Clq frag- plexes or to the Clq fragment or synthetic peptide. For 

meats and synthetic peptides will bind inunune complexes instance, labeled antibody to immunoglobulin could be 

and aggregated tnmuinoglobulins io preference to mono- 5 "sed. The labels useful in the invention are those known in 

mcric iraxminoglobuiin because a functional affinity devel- ^ ^ biotin, enzymes, fiuorophorcs, biolumi- 

ops. A density which is so low that the spacing of the Cla nescent labels and chemilumincscent labels. Methods of 

fragments or synthetic peptides exceeds the distanc^ binding and detecting these labels are standard tcchniq^^ 

between binding sites on the immune con^lexes or aggre- fcnown to those skilled in the art 

gated immuno^obulins must be avoidedThe densi^of lo complexes can be detected or qu^ttated 

5,^- ^ -J L usmg conventional immunoassay techmques. Sucn tech- 

Clq fragnoent or synthetic peptide which works best can be ^ ^„i;«;«,„..«^«*.o«„ 

. ^ " . . / „ f ..1 J ^ . ^ . mques mclude agglutination, radiomununoassay, enzyme 

determined empinodly and wdl dqiend on such factors as j^^oassays andfluorescence assays. Enzyme immunoas- 

the surface area of the solid phase matenal mode of ^^^^ ^ preferred since they provide a means for 
coupling, the specific nature of the Clq fragment or syn-^ sen^tivejiuantitation of Jevels-of-iimrnine conq>lcxes-The- 

_thctic-peptide used,-aDd the-size-of-the immune-complexes 15 specific concentrations, the temperature and time of 

or aggregated immunoglobulins. incubation, as well as otfier assay conditions, can be varied 

The Clq fragments, synthetic peptides and oligomers may in whatever immunoassay is employed depending on such 

be attached to any known solid phase materiaL For the Clq factors as the concentration of the inunune conq)lexes or 

fragments and synthetic peptides, a solid phase which has a aggregated immunoglobulins in the sample, the nature of the 

relatively non-porous suiface is pref^ably used. Since the 20 sample and the like. Hiose skilled in the art will be able to 

Clq fragments and synthetic pq>tides are small molecuies, detemiine operative and optimal assay conditions fos each 

it is believed that they may become attached to the solid determination while employing routine experimentation, 

phase in the pores of a porous material They may, therefore. Since body fluids from noammals normally contain 

bind immune coniplexes or aggregated immunoglobulins Immune coiiq)lexes, comparison of the levels of immune 

less readily since immune complexes and aggregated immu- 25 complexes in a test saiiq)le from a manunal will have to be 

noglobulins are very large molecules which may not be able made to the levels found in normals to identify levels of 

to enter the pores. inunuae complexes iadicstive of a disease sisic. 

Suitable solid phase materials are well known in the art A test kit for detecting or quantitating immune oon^^lexes 

Examples include silica, polyacrylamide, poJymethyl- is also part of the invention. The kit is a packaged combi- 

methacrylate, polycarbonate, poly-acrylonitrile, 30 nation of one or morc containers holding reagents useful in 

polypropylene, polystyrene, latex beads and nylon. Comr performing the immunoassays of the invention, 

mercial sources of suitable solid phase materials include The kit will comprise a container of the Clq fragment or 

ChromatoChem (Missoula, Mont.), Pharmacia Fine Chemi- a container of the synthetic peptide. The Clq fragment or 

cals (Uppsala, Sweden), and others. synthetic peptide may be in scdution or attached to a solid 

Also, the Clq fragment or synthetic peptide is preferably 35 phase. The solid phases are the types described above, and 

covalendy attached to the solid phase materiaL Methods and the Clq fragment or synthetic peptide is attached as 

agents for affecting this covalent attachment are well known described above. 

in the art. Suitable agents include carbodiimide. The kit may further comprise a container holding the 

cyanoborohydride, diimidoesters, periodate, alkylhalides, above-described labeled component ftiat reacts with cither 

succinimides, dimethylpimelimidate and dimaleimides [See 40 the inmuine complexes or the Clq fragment or synthetic 

Blait, A. H.. and Ghose,T. 1,7. fmmunoL Methods, 59: 129 peptide. Finally, the kit may also contain other material; 

( 1 983); Blair, A. H. , and Ghose , T. I , Cancer Res,, 41 : 2700 whidi are known in the ait and which may be desirable from 

(1981);Gauthier,et aL,y.£j^r, ^f€d, 156:766-777(1982)]. a conuncrcial and user standpoint. Such materials include 

The Clq fragment or synthetic peptide is also preferably buffers, enzyme substrates, diluents, standards, etc. 

attached to the solid phase material by means of a spacer 45 The Clq fragment or synthetic pcfrtide can also be used as 

arm. The purpose of the spacer arm is to allow the fragnotent an ami-inflammatory drug. Inflammation in some diseases, 

or peptide to be far enough away from the surface of the sudi as rheumatoid arthritis, has been associated with the 

solid i^ase so that it can interact with the immune com- deposition of immune complexes in tissues and the activa- 

plexes and aggregated immunoglobulins which are very tion of the complement cascade. Ii is the binding of Clq to 

large molecules. 50 immune complexes deposited in the tissues which intitiates 

Suitable spacer arms include aliphatic chains which ter- the complement cascade, and the action of the complement 

hydroxyl, aldehyde, or maleimido, whidi is active in a molecules, ultimately leads to tissue damage, 
coupling reaction. The spacer arm may be located on the Accordingly, a Clq fragment or synthetic peptide accord- 
solid (4iase or on the Clq fragment or synthetic peptide or, 55 ing to the invention can be admiiustcrcd to a mammal 
preferably, there is a spacer arm on both. If the spacer arm suffering from infl amma tion mediated by the classical 
is located on the Clq fragment or synthetic pq>tide, it is complement pathway to inhibit the binding of immune 
preferably a peptide containing less than ten amino acids, complexes by Clq and, thereby, prevent tissue damage and 
preferably two to three amino adds. further inflammation. The Clq fragments or synthetic pep- 
The invention also comprises a method of detecting or 60 tides are preferably injected at the site of inflammation in the 
quantitating immune complexes comprising contacting the mammal in order to obtain an adequate local concentration 
immune complexes with the Clq fragment or the synthetic of Clq fragments or synthetic peptides. The advantage of 
peptide so that the immune complexes bind to the fragment sudi a therapeutic approach is that small peptides are less 
or the peptide. The Clq fragment or synthetic peptide may likely to illicit an immune response which would render the 
be added directly to fluids containing the tnumine complexes 6S drug inactive. 

or may be attached to a solid phase of the types, and in the Finally, the invention provides a binding material for 

ways, described above, removing immune complexes or aggregated immunoglobu- 
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iins from a fiuid. The matenai comprises plural bindlDg 
peptides, the peptides being characterized in that a plurality 
of them selectively binds immune complexes or aggregatged 
inumiQoglobulins in the presence of monomenc immuno- 
globulin. Preferably, the binding peptides are the Clq frag- 5 
ments of the invention or synthetic peptides comprising the 
sequence 

Leu Olu Gin Oly Ohi Asn Val Phe Leu Gin Ala Thr ^ 
1.5 10 
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or combinations of die two. 

Individual binding peptides have a low affinity for immu- 
noglobulin. Accordingly, the plurality of binding peptides 
must be held in sufficient proximity to each other so ttiat 
multijde points of atta chment to the inumu ie cpii9>lex_OT„i5. 
~^gregated immunogTobulins can be made and a functional 
afi^iity is formed. This can be acccaiplished by forming 
oligomers of the binding pq>tides or by attaching the bind- 
ing peptides to a solid phase at an effective density as 
described above for the Clq fragments and synthetic pep- 
tides. The methods of preparation* and properties, of the 
resulting oligomers and solid phase materials are as 
described above for the Clq fragments and synthetic pep- 
tides. Also, the oligomers of Clq fragments or synthetic 
peptides and the solid phase materials having C Iq fragments 
<x synthetic peptides attached to them at an effective density 
that are described above are examples of binding materials 
according to the inventicn. 

Ihunune complexes and aggregated iimntmoglobulins can 
be removed from fluids containing them by contacting the 
fluids with the binding matcriaL and then s^»arating the fluid 
from the binding material. The fluid is simply contacted with 
the binding materiaL Such contact can be effected by passing 
the fluid through a device containing the binding material so 
that the fluid may contact the binding material. Alternatively, 
the fluid may be incubated statically with the binding 
material in the device. The duration of the contact is not 
bound to critical limits although it should, of course, be 
sufficient to allow aggregated immunoglobulin or immune 
complexes to be bound by the binding peptides. The binding 40 
material of the invention is especially well-adai«ed to be 
used to remove aggregated immuoogiobulins or immune 
complexes from fluids containing monomeric immunoglo- 
bulin such as those listed above. 

The invention also co^^xise5 a device for removing 45 
inuxuine coii^lexes or aggregated immunoglotsulins from a 
fluid. The device comprises the binding material and a 
means fox encasing the material so that the fluid can be 
contacted with it Binding materials having binding p^tides 
attached to a solid phase are preferred. 

The encasing means may be a plastic bag« a column, a test 

plasmapheresis ucvices, and other suitable encasing medu:i. 
The encasing means should be made of a material which is 
not harmful to the fluid to be placed in the device. 

Thus, the device may be a typical plasm^heresis device 
in which the solid phase is a membranous surface or hollow 
fibers to which the binding pq>tides are attadied. Hie device 
may also be a column packed with beads or any suitable 
solid phase having the binding peptides attached to it The 60 
device may be a test tube fllled with beads to which the 
binding pqTtide is attached. 

Oflier devices are also possible. For instance, the binding 
material may be beads (such as silica beads) to which the 
binding peptides are attached at a suitable density to selec- 65 
tively remove immune complexes or aggregated immuno- 
globulins from fluids containing monomeric immunoglobu- 



lin. The means for encasing the beads may t»e a plastic t>ag 
of e.g., the type used for transfusions. The fluid containing 
the immune complexes or aggregated immunoglobulins is 
mixed with the beads in the bag and incubated for a time, 
and at a temperature, sufficient to allow the immune com- 
plexes or aggregated immunoglobulins to bind to the bind- 
ing peptides. Then the beads are allowed to settle (or raay be 
centrifriged). and the fluid, from \^1iich immune complexes 
have been removed, is decanted. 
10 For therapeutic uses, a solid phase binding material can be 
encased online in an extracorporeal device through which 
whole blood or plasma can be circulated dy namicaUy so that 
the immune complexes contained therein are bound and 
removed from the blood or plasma. An alternative would be 
-to. staticaUy incubate the whole-biood or plasina in a'device" 
such as the plastic bag device described above. In cither 
case, fluids can be returned to the body after the incubation 
or passage is complete, negating the need for blood rq)laoe- 
ment therapy. 

A device intended for therapeutic use may also include 
appro{siate tubing for connecting it to a patient and a pvaap 
to aid the passage of the fluid through the device and back 
into the patient and to prevent air from entering the system. 
The device must be sterilized for ther^^utic use, and 
sterilization may be accomplished in conventional ways 
such as purging with ethylene oxide or by irradiating the 
device. 

EXAMPLES 

Unless otherwise indicated, the chemicals used in the 
following Examples were obtained from Sigma Chemical 
Co., St Louis, Mo. 
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£xanq>le 1 

Peptide Synthesis 

A. Peptide Design and Structure 

X-ray crystal structural data for Protein A Fragment B 
indicated that two cqplanar a-helical segments widi the 
proper contact residues (see Background) could bind immu- 
no^obulin Fc with a high affinity. Deisenhof er et at, Hoppe- 
Seyler's Z PhysioL Chenu Bd, 359, S. 975-85 (1978); 
Burton, Molec, Immunol, 25, 1175-81 (1988); Langone, 
Adv, immunoL, 32, 157-252 (1982). As discussed above, 
Clq also binds IgG Fc. Thus, the question was posed 
wh^er Clq bound IgG Fc using structures similar to those 
found in Protein A Fragment B. Unfortunately, structural 
information regarding die Clq molecule was limited, and 
information concerning the Clq binding site for immuno- 
globulin was nonexistent 

Hov/cvr,»\ th?. amino ocM fL^iqiicnpf s of tbe entire A nnd H 
diami> md a paiiLai scciuciici: loi the C cnain ui C14 wae 
available. Reid, Biochemical 7., 179, 367-71 (1978); Reid, 
et at. Biochemical J., 203, 55^9 ( 1982). These sequences 
were analyzed by the secondary structure prediction pro- 
grams of Gamier el al., 7. MoUc, Biol, 120. 97-120 (1978) 
and Chou and Fasman. Adv, Enzym., 47, 45-146 (1978). Of 
the predicted alpha helical regions, one helical region in the 
Clq B chain globular head region spanned 12 residues, 
suggesting a high probability that the helix prediction was 
accurate. 

The predicted helical segment of Clq B chain (residues 
189-2CK)) was then compared to one Protein A Fragment B 
helix (residues 142-153), and homology was observed (see 
FIG. 1). Four amino acids were exact matches, while three 
additional residues showed conservative sutKtitutions. Out 
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of U'lree possfoie contact residues on the Protein Ahelix, Clq 
possessed two similar residues. Further analysis of the two 
sequences was achieved through the use of helical wheel 
diagrams (FIG. 2), These diagrams showed that the pattern 
of hydrophobic and hydrophilic residues observed for the 
Rrotein A helix known to contact immunoglobulin was 
similar to that of the predicted Clq helix. 

Therefore, the 12-residue sequence of Clq having the 
predicted helical structuie was synthesized Two Leu resi- 
dues were added to the cazboxyl-terminus as spacing resi- 
dues to separate the potentially active residues from a future 
solid phase matrix. A Cys residue was also added to the 
carboxyl-terminus to allow for coupling to solid phases 
using certain coupling jHTocedures. The final amino acid 

sequence* desigoatcdCTK; is_presentedJn.FIG.-l.^ 

"Br Synthesis 

The CBP2 sequence was submitted to Biosearch Inc. (San 
RapheaL Calif.) for custom pq)tide synthesis using the 
standard Meirifield solid phase synthesis approach. 
Merrilield, in Chem. Polypeptides, pp. 335-61 (Katsoyannis 
and Panayotis cds.. Plenum, New York, N.Y. 1973). 
Approximately 250 mg of the pq)tide in lyophOized form 
were obtained. 

Biosearch 's quality control inf<Hination was based on 
amino acid analysis and analytical reverse phase HPLC. The 
chromatograph provided by Biosearch showed that the ini- 
tial purity of ttie peptide was approximately 40-50%. Bio- 
search did not provide the results of the amino acid analysis, 
but they stated that the con^sition of (he peptide had to be 
wUhin ±20% of the calculated values for each amino add of 
the peptide in order to pass theu: quality control. Therefore, 
the CBP2 peptide should have had the correct amino acid 
sequence. 
C. Purification 

In addition to the puriiicati on performed by Biosearch . die 
peptide was furtii^ purified by gel filtraiion ctuiomatogra- 
phy. The lyophilized CBP2 was not soluble in aqueous 
solvents and required 50% (v/v) N^-dimethylformamide 
(DMF) (J. T. Bak<a^ Chemicals, Phillipsbuig, NJ.) to com- 
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CBP2 is shown in FIG. 3. ITie profile showed a symmcttical 
major peak at 250 minutes and several mincH* peaks leprc- 
senting contaminants. It should also be noted that purified 
CBV2 was readily soluble in 1% (V/V) DMF, indicating that 
it may be the ln:q}urities in lyophilized CBP2 that could only 
be dissolved in 50% DMF. 

In addition to the standard BCA assay f(z peptides, the 
absorbance profile for CBP2 migrating in the Sephadex G25 
column was measured at 230 nm. The absorbance profile 
shown in FIG. 3 confirms the results of the BCA assay in that 
the CBP2 peak had a retention time of 250 minutes. It is 
inqxntant to note that the UV absorbance profile at 230 nm 
is most sensitive to amide bonds. Since the CBP2 peak was 

the major source of absorbing material, the remaining Jin|Hit 

15- rities-nMy notxontain'aMde bomlFand, therefore, may not 
be peptides. 

The CBP2 retention time in the Sephadex G25 column 
suggested a larger molecular weight than the calculated 
molecular weight based on the amino acid sequence of the 
peptide. Hierefore, under the same conditions, san^les of 
glucagon, LEIRII, and a mixture of glucagon and LHRH 
were loaded and eluted from the Sephadex G25 column. 
Glucagon (3550 daltons) had a retention tune of 247 minutes 
and LHRH (1182,33 daltons) had a retention time of 277.4 
minutes. CBP2 (1556.98 daltons) had a retention time 
sindlar to glucagon, suggesting that CBP2 migrated through 
the Sephadex G25 column as an aggregate of ^ least r^o 
peptides. Concentration dq>endent aggregation ainphip- 
athic peptides has been documented. DeGrado et al.. i. Am, 
Chem. Soc,. 103, 679-81 (1981); Taylor et ai., Afoi. 
FharmacoL, 22, 657-66 (1982); Moe and Kaiser. Biochem^ 
24, 1971-76 (1985). 

Analytical C^g reverse phase HPLC was used in o«ler to 
assess die puri^ of the CBP2 isolated from the Sephadex 
G25 column. The conditions used for the chromatogr^hy 
were the same as those used by Biosearch. Briefly, 500 
yg/ml of CBP2 in i% {\N) DMF in dH^O and 4 mg/ml 
dithiolhreitol (the peptide was incubated over night with the 
DTT in order to reduce any disulfide bonds that may have 



20 



25 



30 



35 



pletely disserve. Due to the high hydrophobic character of 40 fOTned) were passed over a N^dac (Hesperia, Calif.) Cig 



the solvent, Sephadex G25 (Pharmacia, Piscataway, NJ.) 
was used for the chromatography. A colunm of dimensions 
0.7x40 cm was poured and equilibrated with 1% (vA^) DMF 
in distilled water (dHjO). A 2 mg/ml sample of CBP2 was 
jirqpared in 50% (vA^) DMF, and 1 ml of the sample was 
loaded on the column and eluted with 1% DMF at a flow rate 
of 1 m!/15 min. One ml fractions were collected 

The column fractions were assayed for peptide by the 
Bicinchoninic Add (BCA) protein assay (Pierce Chemical 
Co., Rockford, Bl.) according to the manufacturer's instnic- 
dons. Briefly, duplicate 30 ^1 aliquots from each fraction 

die addition of 300 \sX of BCA protein reagent. In addition to 
the column fractions, samples ranging from 1 mg/ml to 0.1 
^g/ml Val-Gly-Gly peptide (Sigma Cliemical Co., St Louis, 
Mo.) were also added to the microtito' plate to prepare a 
standard curve. The plate was incubated at 37** C. for 1 hour, 
and the resultant colored product measured using a TlteiTek 
Multiskan plate reader (Flow Laboratodes, McLean, Va.) at 
560 nm.The absorbances were then plotted against fraction 
nunobcr to generate the chromatogram. 

A 1% (v/v) DMF sample was also tested in the BCA assay 
as a control. DMF was shown by these experiments not to 
mterfere with the detection of the peptides in the column 
fractions. 

A 1.2 fold increase in peptide purity with a 41% yield of 
peptide was obtained. A rq>resentative chromatograph for 
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analytical ccrfumn (product #218TP54) with dimensions 4.6 
mmx25 cm and using the foUc^ving bufi'ers and conditions. 
Buffer A: 0.05% (v/v) tiifluoroacetic acid (TFA) in dHjO. 
Buffer B: 0.05% (v/v) TFA in acetonitrile. Colunm condi- 
tions: A 100 pi sanaq>le was injected, and 5% buffer B was 
maintained for 3 min at 1.7 ml/rain followed with a gradient 
of 5-l(X)% buffer B ovex die next 20 min. The peptide was 
detected with a Beckman (Palo Alto, Calif.) UV variable 
wavelength detector at 230 nm. 

It is impcMtant to note that (ZBP2 was treated with DTT 
overnight before the analysis in order to disrupt any disulfide 

live chromatograph of the reduced isolated CBF2. Cbi'2 
comprised &0% of the absorbing material, indicating that the 
Sephadex G25 is<rfated CBP2 was relatively pure. Widi 
exception of the peaks at 4.4 minutes, the renaaining peaks 
were retained in die column signiiicandy longer than CBP2, 
suggesting that the impurities were of smaller molecular 
weight and/or were much more hydrophobic than CBP2. 

Since CBP2 did contain free cysteine residues, it was 
necessary to determine the CBP2 profile in the absence of 
DTT to assess the extent of disulfide formation. In addition, 
K3Fe(CN)e, which would favor the formation of disulfides, 
was added to die reduced CBP2 solution. This process was 
necessary to determine the retention time of the disulfide 
aggregated CBP2. FIG. 4B shows die CBP2 profile widiout 
the reduction of disulfides, A strong absorbance peak at 4.4 
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"minutes possessing 2^% of the total absoibaiice was the only 
significant difference between reduced and nonreduced 
CBP2 (compare FIGS. 4A and 4B). The addition of KjFe 
(CN)6 reduced CBP2 solution and the subsequent 

analysis showed that the peak at 4.4 minutes in FIG. 4B was s 
due to disulfide aggregated CBP2. In FIG. 4C. the addition 
of the oxidizing reagent caused a decrease in the reduced 
CBP2 peak with an accotiq>anying increase in the 4.4 niinute 
peak which represented 68.7^ of the total area. Therefwe, 
the 4.4 minute peak was the disulfide aggregated CBF2. lo 

It is important to note diat in all three chromatQgraphs in 
FIG. 4, CBP2 conc^rises at least 80% of the total area, with 
the combinatioo of the reduced and nonreduced C&P2 peaks 
representing apptroumately 90% of the total area. Based on 
&e results of the three diromatographs. it was concluded is 

JfcaMhepiuyy-Of-CBP2-was-8C>-90%. ^ — " 

D. CD Spectroscopic Analysis Of CBP2 

Circular dicfaroism (CD) ^^ectroscopy was performed on 
an Aviv 60DS spectropdarimeter. The sanq>le consisted of 
200 Ml of 200 Mg/ml CBF2 dissolved in 10 mM sodium 20 
phosphate buffer, pH 7.0, at room tenqierature. A i mm path 
length was used. 

Under these conditions, CBP2 exhibited a CD spectrum 
characteristic of a random coil peptide. The lack of structure 
was expected for small peptides such as CBP2. 25 

Exan^le 2 

InhihitioD Studies 

A. UtratioQ of Rat^t ImmuDOglobuHn Bound by Solid 30 
Phase E^rotein A 

Protein A (recombinant Protein A from Repligen, 
Cambridge, Mass.) diluted to 1 ^g/ml in coating buffer 
(O.IM NaHCOa, pH 9.0) was incubated in the wells of a 
microtiter plate (100 \d per well) for 2 hours at 37** C. 35 
Uncoated surfaces of the wells were blocked by adding 340 
iil PBSC (9 HiM Na2KF04» 1 mM NaH2P04. pH 7.2, 154 
mM NaCl, 1 mg/ml casein or ovalbumin, and 0.01% 
thimerosal), incubating the plate 1 hour at 37° C and then 
washing the wells 3 times with FBSCT (PBSC plus 0.1% 40 
IWeen 20). Diiutions of rabbit inmumoglobuOn labeled with 
horseradish peroxidase (Ig-HRP) (Zymed Laboratories. Inc., 
South San Francisco, Calif.) in PBS (9 mM Na2HP04, 1 mM 
NaH2p04, pH 7.2, 154 mM NaQ) were incubated in the 
wells (100 jil per well) for 2 hours at 37^ C foUowed by 45 
washing 3 times with PBS. OPD substrate buffer (0.8 mg/ml 
o-phcnylenediaminc, O.IM Na2HP04, 0.05M sodium 
citrate, pH 5.5, plus 0.15% (vA^) H2O2) was then added to 
the wells (100 fd/well), and the resultant colored product 
was measured with a Titcttek MuUiskan plate reader using 50 
a 414 nra filter. 

CBP?. Ttifi'hition of SoIiH T^^r^c A{<sorbr:d Protein A. 

11 had picviousiy bccu icpoitca Uiat Clq and Pioicin A 
con^xte exclusively for IgG (Burton, Molec. Immunol, 22, 
161-206 (1985); Stolinhehn et al., Immunochem,, 10, 55 
501-507 (1973); Langone et al., J. Immunol, 121, 327-38 
(1978); Lancet et al.,Biocfum, Biophys. Res, Commmt, 85, 
608-614 (1978)). Accordingly, CBP2 was tested for inhibi- 
tion of the binding of Ig-HRP by Protein A. 

The wells of a microciter plate were coated with Protein 60 
A as described above in Part A. Ig-HRP diluted 1:5000 in 
FBS (the dilutioD determined by the protein A titration 
experimeat of Part A; original Ig-HRP concentration of 3.3 
mg/ml) was preincubated with various concentrations of 
CBP2 for 1 hour at 37** C. before 100 pi of the incubation 63 
mixture were added to each well of the microtiter plate, llie 
CBP2/Ig-HRP mixture was incubated with the solid phase 



adsorbed Protein A for 2 hours at 37"* C. and then washed 3 
times with raS. OPD substrate buffer was then added (100 
^lAvell). and the resulting colored product was measured at 
414 nm in a Titertek Multiskan plate reader. Absoibance 
readings were made when the control wells with no inhibitor 
had an absorbance of 1.0 or greater. 

The results, which are shown in HG. 5, show that CBP2 
was able to inhibit Protdn A binding of Ig-HRP by nearly 
100%. The concentration at 50% inhibition was proxi- 
mately 1 pM which is a 1000-fold greater concentration than 
the 1 nM 50% inhibition concentration for solution phase 
Protein A (see FIG. 5). Since the 50% inhibition concentra- 
tion for Protein A is comparable to its dissociation constant, 
the 50% inhibition concentrations were considered a good 

measure of the binding aflfinity of the inhi bitor. . 

X.-Tiliation of-Ig-HRP Bound-by SbUd Phase Clq. 

Clq (gift of Dr. Lawrence Poten^a, Immtech Interna- 
tional Inc., Evanston, HI.) diluted to 10 Mg/ml in coating 
buffer was placed in the wells of a microtiter plate (100 
pl/well) and incubated for 2 hours at 25** C. The uncoated 
surfaces of the wells were blocked by adding 340 pi PBSC 
and incubating the plate f<^ 1 hour at 25*^ C, followed by 
washing 3 limes with PBSC Dilutions of Ig-HRP in Clq 
buffer (50 mM TWs, pH 7.2. 27 mM NaQ, 1 mM CaOa, 
0.01% (wtA^) Thimerosal) were incubated in the wells (100 
pl/well) for 1 hour at 25^ C. followed by washing 3 times 
with Clq buffer. OPD substrate buffer was then added (100 
plAvell), and the colored product was measured at dl4 nm in 
a Utertek Muldskan plate reader. 

D. CBP2 Inhibition of Solid Phase Clq. 

Clq was coated onto the surface of the wells of a 
microtiter plate as described in Part C. Ig-HRP diluted 1 : 100 
(the dilution determined from the Clq titration experiment 
described above in Part C) in Clq buffer was preincubated 
with various concentrations of CBP2 for 1 hour at 25** C. 
The Ig-HRP/CBP2 nkixture was then added to the microtiter 
piaie (100 jil/well), and the plate was incubated for 1 hour 
at 25° C, foUowed by 3 washes with Clq buffer. OPD 
subso-ate buffer ( 100 Ml/well) was then added and the colored 
jH'oduct measured at 414 nm in a Utertek Mutiskan plate 
reader. 

The resulting inhibition curve is presented in FIG. 6. The 
50% inhibition concentration was approximately 10 }M, 
which was an order of nugnitude higho^ thaa the 50% 
inhitrition concentration for CBP2 inhibiting lYotein A. The 
50% inhibition concentration for liquid phase Clq inhibiting 
solid phase Clq was proximately 10 nM or 1000 fold less 
than the CBP2 concenoration (sec FIG. 6). 

E. Control Experiments For CBP2 Inhibition Of lutein A 
And Clq 

In order to conclude that CBP2 was binding inununoglo- 
bulin and not causing an inhibition in the assay system 

ments were performed. 

1. The effects of CBP2 on the HRP enzyme were inves- 
tigated. Ig-HRP at a 1:100 dilution in PBS or Clq buffer was 
incubated with 50 nM CBP2 or an equal amount of l%(\/v) 
DMF for 3 hours at 37** C. Aliquots of 100 \ii were placed 
in the wells of a microtiter plate and an equal volume of 
OPD substrate buffer was added, and the colored product 
was measured at 414 nm. Both the CBP2 and Ig-HRP were 
at the highest concentrations tested in the inhibition assay. 
The sample which contained both peptide and Ig-HRP did 
not differ significanUy from the control sample containing 
the Ig-HRP alone. Therefore CBP2 did not inhibit the HRP 
enzyme. 

2. lutein A at 1 pg^ral or Clq at 10 ^gftal diluted in 
coating buffer was incubated in the wells of a microtiter 
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plate (100 fii/wcii) for 2 hours at 37° C. or 25** C respec- (conesponding to either ICQ times the 50% inhibition 

lively. The wells weie blocked in the same fashion as concentratioo, the 50% inhibition concentration, or 10 fold 

described above for each assay. Various concentrations of less than the 50% inhibition concentration) was preincu- 

CBP2 diluted in PBS or Clq buffer were incubated in the bated with CBP2 and fe-HRP in PBS for 1 hour at 37^ C. 

wells ( 100 jil/well) for 2 hours at 37° C. 1 hour at 25° C, 5 The Protein A/CBP2AIg-HRP mixture was then incubated in 

respectively, foLowed by washing the wells 3 times with the wells of the microtiter plate (100 plAvell) for 2 hours at 

either PBS or Clq buffa. Ig-HRP was then jidded at the 37° C. and washed 3 times with PBS. OH) substrate buffer 

^ropriate dilution in either PBS or Clq buffer and incu- was then added (100 ^lAvell), and the resuhant colored 

bated under the appropriate conditions, followed by washing product was measured at 414 nm as before. 

3 times -With PBS or Clq buffer. OPD substrate buffer was lO At Protein A concentrations at or above the 50% inhibi- 

then added (100 ^l/well)^ and the colored product was tion concentration, there was a linear, additive response, 

measured at 414 nm as described above. indicating no interaction b^een CBP2 and I^otein A. At 

3. Excess protein (1 mg/ml casein) was added to the Protein A concentrations below the 50% inhibition 
bu£Fers used to dilute the Ig-HRP/CBP mixture. concentration, the curve is analogous to the^GSl^ inhibition- 
Controls 2 and 3 teste^forj[Mspediic,iHX)tein-prote^ Protein A. This also 

--pri^ein-peptide interactions. If there were such interactions, suggests that CBP2 and Etotein A are not interacting, 
then there would be a loss of CBP2*s inhibitcxy activity in 8. Since the CBP2 peptide has a free cysteine residue, the 
test 3, and no such loss was observed. In test 2, any loss in effects of DTT on the inhibition assay were examined. OTT 
CBP2's inhibitory activity would indicate that CBP2 was was added to the buffer containing CBP2 (final DTT con- 
blocking the solid phase Protein A or Clq binding sites and 20 centration 4 mg/ml), and the CBP2 was incubated with the 
not interacting with Ig-HRP. No loss of inhiWtoiy activity DTT for 2 hours at 37° C. to ensure that the cysteine residues 
was detected of CBP2 were reduced. Then the inhibition assay using solid 

4. Equal molar concentrations of luteinizing hcmione phase Protein A was performed as described above, 
releasing hormone (LHRH) (Bcckman Instruments* Palo The addition of DTT to die CBP2 solution had no effect 
Alto, Calif.) or variais ccmcentrations of Protdn A were 25 oo die inhibit<»y activity of CBP2. These data indicate that 
substituted for CBF2 in the inhibition assay described in Part CBP2 does not inhibit by forming disulfide interaction with 
B. In the case ofthe Clq inhibition experiments, LHRH and Protein A or Ig-HPJ^ and that -lisulfide-mediated CBP2 
Clq were $ubs!i^Jted for CBr2 as a negative and a positive aggregates did not have a significant influence on C!BP2's 
control, respectively. The use of LHRH also tested whether ability to inhibit the binding of Ig-HRP to Protein A. 

ttic inhibition of Protein A or C Iq by CBP2 was due to CBP2 30 F. Conclusions 

specifically, or simply due to nonspecific effects attributable Based on the inhibition data in conjunction with the above 

to a small peptide. The results are shown in FIGS. 5 and 6. controls, it can be concluded that CBP2 inhibits Clq and 

As indicated in these figures, LHRH dononstrated no Pro- Protein A binding of Ig-HRP through a binding interaction 

tein A or Clq inhibitory activity over the same concentration with solution phase Ig-HRP. The results indicate that CBP2 

range examined for CBP2, and both Protein A and Clq were 35 binds immunoglobulin in a specific ro^ner. 
inhibitory, as expected. 

5. Concentrations of Ig-HRP required for the Clq assays Example 3 
were 50 fold higher than the concentration used for Protein HiPAC™ LTQ Column 
A assays. The reason for the higher concentration is that only 

a small firaction of Ig-HRP existed as con:9)lexes that could 40 AHiPAC™ LTQ (ChromatoChem, Missoula. Mont.) acti- 

be bound by Clq, This was demonstrated by fractionating ^ated alddiyde column of dimensions 7.4 mmxl.9 cm was 

thcIg-HRPas follows. A40^1san^>leofIg-HRPwasloadcd equilibrated with 6 ml of immobilization buffer (O.IM 

onto a TSK SW 4000 sizing HPLC column (Beckman/Altex sodium citrate. pH 5.5). This column is composed of silica 

TSK 4000 SW, 7.5 mmx30 cm). Only the high molecular ^ which a long carbon chain spacer arm is attached 

mass eluted fra«^ons exhibited any Clq binding activity as 45 ^ ]ig^d coi^^ling sohition containing 500 Mg CBP2 and 20 

detennined by a Clq binding assay performed as described mg^ml sodium cyanoborohydride in imnaobilization buffer 

above. The results of this assay indicated that die Clq was prepared. This was continuously circulated ttu-ough the 

binding material was a fraction having molecular weight of column for 5 min at 25° C. at a flow rate of 1-2 ml/min. The 

approximately 1,000 kdal, indicating a con^lex of immu- coupling solution was then eluted from the column and 

noglobulins and HRP enzymes, and not a monomeric immu- so coUected, The column was subsequently washed with 6 ml 

noglobulin plus HRP enzyme. immobilization huffier which was also collected. The column 

could not be excluded since the Clq buffer was half- equiiihrated with o iol Clq buliei. 

physiological ionic strength. The ionic strengti) of the Clq The coi^ling procedure linked CBP2 to the solid phase 

buffer could not be changed since Clq binding of iimnuno- 55 suj^rt through the N-terminal amino group, leaving the 

globulins is partially mediated by ionic interactions. C-terminal cysteine's sulfhydryl available as a marioer. The 

However, based on the Protein A inhibitory activity of CBP2 Ellman^s reagent assay (EUman, Arck Biockem. Biophys,, 

in physiological ionic strengdis, it was a reasonable assump- 82, 70-77 (1959)) was, therefore, used to measure die 

tion that CBP2 inhibition was not primarily the result of amount of CBP2 bound to the colunm since EUman 's 

nonspecific ionic interactions. 60 reagent (5.5-dithio-his-(2-nitn>benzoic acid)) reacts with 

7. Proteins when adsorbed to the polystyrene wells of a free sulfhydryl groups, 

microtiter plate may partially lose their native conformation. To paform die Ellman's reagent assay, the column was 

'Hierefore, CBP2 was also screened for any interactions with first washed with a 4 mg/ml solution of DTT in order remove 

solution phase Protein A. Protein A was incubated in the any peptides linked to the solid phase by disulfide bonds, 
wells of a microtiter iriate( 100 Ml/well) for 2 hours at 37° C. 65 Then the column was washed with Clq buffer until die 

at I fig/ml in coating buffer, and tiie wells blocked as eluate showed no reactivity with Ellman*s reagent The 

described above. Protein A at a constant concentration column was then equilibrated with 6 ml of O.IN Na2HP04. 
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pH 8.0. Next, 1 tni a soiutioo of 400 pg/ml Elinian's bound by the column and eluted with the acetic acid. The 

reagent in 0. IN Na2HP04, pH 8.0, was continuously passed bound material was only 5-10% of the total PAP loaded on 

over the column for 15 min. The Hhnan's reagent solution the column. 

was eluted from the column, collected, and the column Although the cfBcicncy of the column appeared to be low, 
washed with 6 ml of O.IN NajHPO^. pH 8.0. One ml of a 5 the column did bind immune complexes. Therefore, it was 

4 mg/ml solution of DTT was passed over the column, and determined whetho- the column bound immune complexes 

the eluate was collected. The column was then washed with specifically and in a CBP2-dependent manner. 

6 ml Clq buffer and the eluates collected. The resulting , f contamiag PAP oompkxcs at a concentration of 

colored EmKlucts were measured at 412 nm. 20 M&/mi and monomenc rabb^^ 

^ ^g/ml m Clq buffer was loaded a CBP2 column prepared 

The moles of CBP2 coupled to the column were propor- described in Example 3, that had been equiUbrated with 

tional to the moles of Ellman's reagent reacting with the 3 ml of Clq buffer. The PAP/IgG mixture was circulated 

column (i.e., the amount of EUman's reagent eluted witti the through the column continuously fcr 15 min and then eluted 

DTT) which was calculated using a molar extinction coef- with 12 ml Clq buffer at a flow rate of 0.33 ml/min. Material 

ficient of I36x 10*/cm-M for the free thionitrobenzoic acid, bound to the column was eluted with 3 ml of 2% (yN) acetic^ 

The assay of the column lndic^ed^mjf4% pf_the^CBP2^5_a^^(l_fo^^ and 

^added to the^ column was coupled to the solid phase, or fractions were ie same as for PAP alone.) The fractions 

^^proximately 420 ^ CBP2. were assayed for the presence of peroxidase activity in the 

It should be noted that attempts to measure CBP2 in fashion as described above and the concentration of 

eluted fractions using various techniques (BCA assay, UV PAP was calculated from the standard cur^e^ ^ « ^ 
spectroscopy, 2,4,6-iinitrobenzene sulfonic add aiid the ^0 Once agam two pe^dcs Wffe obsenred (nG. 8)^Tlie first 

Bhnan's Jcagent assay) were unsuccessful because the ^"^"^ff^t^ flow-through, and contamed 9S%of 



cyanohydride leageot interfened with those assays. 



the total PAP loaded on die column. The amount of material 
...... bound to the column in the second peak also remained 

TV/0 control columns were piepared along with the CBP2 unchanged at approximately 5%. Since the clution profiles 
column. UWH was coupled to the matrx in the «ime ^ ^ ^.^^ monomelic IgG, woe not 

fashion as a8P2 and at the same conoenlrat.on as CBP2 as ^ ^ quantities of material in each 

detetmmed by UV spectroscopy. A siniilarpcrMBtage(78%) peatand theretentiwi times of the peaks, it appeared that the 

"^^™^*S.^fl"''°**^T''^'^'*''*''T'"'!f° specifically bound immune complexes, 

as With C3P2 ^S4«*). Another column was treated m the g Immunoassay For IgG 

same fashion as the CBP2 wd UIRH columns, but no ^ p^p complexes were loaded onto a GBP2 c«lmnn and 

p^to^prpTOtemwascoupledCNoi^ptide eluted from it as described in Fart A. Also, monomaic IgG 

allowing (he smdy of nonspeciflc bmdmg effects m the ^ concentration of 80 ng/nil in 1 ml of Clq buffer was 

foUowing expenments. ,,,3^^^ ^ CBP2 column and eluted from it in the same 

_ I . manner. 

^ 35 The fractions were then assayed for immunoglobulin by 

PAP Binding to she RiPAC™ LT(>CBK Column immunoassay as foUows. Duplicate 50 pi aHquots of 

eadi fraction were placed m the wells of a microtiter plate. 

A CBP2 column prepared as described in Hxan^le 3 was Fifty pi of coating buffer were then added, and the piate was 

equilibrated with 3 ml Clq buffer. ImmuDe complexes incubated at 37^ C. fcH* 2 hours. The uncoated surfaces of the 

composed of rabbit anti-hcrseradish peroxidase and horse- 40 wells were then blocked by adding 340 \X of FBSC, fol- 

radish peroxidase (PAP) (purchased from Organon Teknika/ lowed by incubation of ttie (date for 1 hour at 37° C. The 

C^ypd, West Chester, Pa.) at a concentration of 20 |ig/ml in wells were washed 3 times with PBSCT, and a 1:2000 

Clq buffer (a total volume of 1 ml) were loaded onto the dilution of goat anti-Fabbit IgG that was labeled with biotin 

column and incubated for 15 min at 25° C. with continuous (anti-rabbit lgf3) (Vector Labwatories, Inc., Burlingame, 

circulation through the column. Unbound PAP complexes 4S Calif.) was added (1(X) pVweU). The anti-rabbit IgG was 

were eluted with 12 ml Clq buffer (at a flow rate of 033 incubated in the wells fa- 2 hours at 25° C, and the wells 

ml/min, collecting 1 ml fractions) followed by 3 m! of 2% were washed 3 times with PBSCT. Next, a 1:2000 dilution 

(vA^) acetic add to clute bound PAP. of strepUvidin-p-gaiactosidase (BRL-Life Technologies, 

A. Peroxidase Assays Gaithersbcrg, Md.) in PBSCT was added to the wells 

The column fractions were assayed for peroxidase activity so ( lOOnl/well), the plates were incubated for 2 hours at 25° C. 

by placing duplicate 20 mI aliquots into the wells of a and washed 3 times with PBSCT. Fluorogenic substrate in 

microt'tcr pl.'ifc .'^jid txAO.hf' 100 i:1 of 0PT> j^iibstratc bu<Fcv, bitiFcr ■''5 rnf^hrilof ^~va^thy\vmhT^Mfc'y^-^ Jy-pj^^ 

I'be absoibances were measured at 414 nm in a Titeitek DMF oiiuted, 1:50 in 0.0 IM sodium phosphate butier. pH 

Muldskan plate reader. The abscrbanoes were then plotted 7.5, containing O.IM NaCl and 1 raM MgQ^) added to 

against fraction number to generate the chromatograph. In 5S the wells (100 pl/well), and the resulting fluorescence was 

addition to the san^les, a standard curve was prepared, and measured with a Dynatech MicroFluor plate reader 

a linear regression analysis was perfonned. From the stan- (Dynatech, Alexandria, Va.) using 365 nm as the excitation 

dard curve the concentration of PAP in each fraction was wavelength and 450 mn as the emission wavelength, 

calculated. In addition to the samples, standard curves of IgG and 

The resulting profile is presented in FIG. 7. The elution 60 PAP dilutions were prepared, and a linear regression analysis 

profile shows two major peaks. The first peak was material was perfonned. The standards demonstrated a linear 

that did not bind to the column and which was readily eluted response in fluorescence to PAP and IgG concentration as 

with Clq buffer. This material aR)eared to make up the confirmed by the linear regression analysis, From the stan- 

larger fraction of the PAP loaded on the column. In fact, dard curves, the concentration of PAPor IgG in each fraction 

using the standard curve and linear regression analysis, the 6S was calculated. 

flow-through peak was calculated to contain approximated The linear regression analysis showed that 44% of the 

90-95% of the total PAP. The second peak was the material PAP loaded on the column were bound to the column. The 
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amount of mcsomeric IgG bouud to the column was 4.4% which was eluted fsom the column with CBP2. The remain- 
of the total IgG loaded on the column. See Table 1 below, ing PAP were eluted by the acetic acid/Clq bufifer wash. 
These results show that the column was not binding a When the experiment was repeated with LHRH at an 
significant amount of monomcric IgG and was specifically equimolar conccntratioo, there was no significant elution of 
binding immune complexes. 5 pap due to the LHRH wash (see FIG. 9B). These results 

Clearly, there was a lai^ge discrepancy between the results j^ow that PAP binding to the column was dependent on 
of the peroxidase assay (about 5% binding of immune CBP2 
complexes) and the enzyme inomunoassay for immunc^lo- q Controls 

ki^ (about 44% Wnding of ™ne complexes). Ooser i. The low efficiency of PAP elution by the CBP2 solution 
exammation of the kinetics of the two enzymatic reactions ^ , . , . f ^ ^ ^ 

revealed that die peroxidase assay readied its maximal ^'^^^ ^^^^^ ^ ^f^T' V 

absorbance in 5-10 minutes on average, while the 15^^^ aggregates effectively lowering the free 

stieptavidin-p^galactosidase assay readied its maximal fluo- concentration; or 2) because the PAP elution occurred 

rescence in 25-30 minutes. Therefore, although the two nonequiUhrium conditions. Under nonequiliteium 

assays both gave linear responses to incremental increases in conditions, the CBP2 peptide would not adequately compete 
concentration of PAP, the enzymeJnamunoassay_measured-^i^^* soUd^^ 
— (he"ielative"quantities"of PAP more accurately and sensi- * afl&nity interaction (i.e., a functional affinity) between 
dvely due to the longer incubation time. the solid phase CBP2 and the bound PAP had been estab- 

As a result of the conq>arison of the results of the lished. 
peroxidase assay and enzyme immunoassay, elution profiles To address the question of nonequilibrium conditions, a 1 
wo-e reassessed using the enzyme immunoassay. Also, PAP 20 ml saniq>le of 20 p^ml PAP plus 200 fig^ml CBP2 (0. 1 mM; 
complexes were loaded onto and eluted from the control a ten tLmes greater concentration than that required to give 
LHRH and No peptide columns in the same manner as 50% inhibition of Ig-HRP binding to Clq) or 152 jig^ml 
described above for the CBP2 column and assayed using die LHRH (0. ImM) was incubated for 1 hour at 25* C. and then 
enzyme immunoassay. The results are shown in Table 1 loaded on a pre-cquihTirated CBP2 column and aQowcd to 

25 pass continuously over the colunm for 15 mio. The sample 
was then duted with 21 ml Clq bufifer followed by 3 ml of 
2% {\N) acetic add and then 6 nd Clq buffer. The column 
fractions were assayed for the presence of peroxidase as 
described above in Part A, and the concentration of PAP was 
30 calculated from the standard curve data. 

The resulting elution profiles are presented in FIG. 10. 
The sanq>le containing CBP2 and PAP exhibited a dramatic 
loss of PAP binding to solid phase CBP2 on the column, 
while the sample containing LHRH and PAP showed PAP 
35 binding to the column in the range normally observed. These 
The immune complex binding cfgcieiK^- of the CBP2 show that PAP binding was dq>endent on CBP2. 

cohunn as shown in Table 1 was much higher than had been ^ Inactive CBP2 aggregates caused the low effidency of 
previously calculated using the peroxidase assay. The results PAP elution, then the same aggregates would effectively 
also indicated that die column specifically bound immune reduce die CBP2 concentration and the inhibition of PAP 
complexes. Th€a*e was very little binding of the immune 40 binding in the pre-incubation studies would require very 
complexes to the control LHRH and No peptide colunuis, higji CBP2 concentrations. This was not the case, however, 
showing that the binding <A immune complexes was not due since similar concentrations were used for column elution as 
to nonspecific binding effects. for the pre-incubation studies. Also, another attend at PAP 

C. Elution With CBP2 inhibition in the pce-incubadon studies using 156 Mg/^ 

If PAP binding was a specific interaction between the 45 CBP2 demonstrated inhibition of PAP binding 
solid phase CBP2 and the immunoglobulins of PAP, then (approximately 40%). Thus, the effect of aggregates, if they 
PAP bound by the column should be eluted using a solution formed, was of little significance. 

of CBP2, and a solution of a control peptide (LHRH) should 2. In order to address die possible effects of acetic acid 
cause no elution of bound PAP. This was exactly what was exposure on PAP, a 20 ng/ml sample of PAP was dissolved 
found by the following experiment. 50 in eitiier 1% (v/v) acetic acid or Clq buffer and incubated for 

A 1 ml sample ctf 20 >ig/ml PAP was loaded 00 an 3 hours. Aliquots from both samples were then assayed for 

Example 3) and allowed to drcuiate continuously for 13 min samples were observed, ilierefore, an adverse effect of 

over the column. The column was then washed with 12 ml acetic add on HRP did not account for the results. 

Clq buffer, foUowed by 3 ml of 336.2 pg/ml CBP2 (ttiis 55 3. Aldioug^i the data indicated that PAP bindbg was 

CBP2 concenttation was 20 times die concentration of specific and dependent on CBP2, the PAP binding could 

CBP2 needed to give 50% inhibition Ig-HRP binding to have been due to a nonspedfic interaction of the column 

Clq) diluied in Clq buffer. An additional 6 ml of Clq buffer with the horsoadish peroxidase (HRP) of PAP. Thus, a 

was used to wash die column followed by 3 ml of 2% (v/v) solution of HRP in Clq buffer was loaded, eluted and 

acetic acid and then with 6 ml of Clq buffer to completely 60 assayed for peroxidase as described for the PAP experi- 

wash the column. Fractions were collected and assayed for ments. The linear regression calculations of the resulting 

the presence of peroxidase activity as described alx)ve in profile indicated no significant binding of HRP (only about , 

PartA. Aconttol column was ran as described above, exccirt 7%) to the CBP2 column. 

that 3 ml of LHRH at an equimolar concentration as the 4. The extent of nonspecific binding of PAP to the 

CBP2 solution, was substimted for the CBP2 wash. 65 HiPAC™ matrix was determined. Control columns coupled 

As shown in FIG. 9A, die ncamal flow-through peak was with either LHRH or No peptide were used in place of the 

d)served, followed by a small but significant PAP peak CBP2, in order to assess die extent of nonspecific binding. 



TABLE 1 




pen^t nound to Cohmm 




Sainpk 


CBP2 CohncD LKKR Cotunm 


No Peptide Co tumQ 




44 4.8 


8 


MouOtitccic 


4.4 NJ).* 




Rabbit IgO 







*Not Detenmned 
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In the same manner as described for the CBF2 coiumn, PAP 
were loaded and eluted either from the LHRH or No peptide 
column. The column fractions were assayed for the presence 
of immunoglobulin using the enzyme inmiuDoassay 
described above in Part B. Linear regression analysis of the 
standard curves allowed the calculation of the amount of 
material in the flow-through and acid-eluted fractions. 

The results are shown in Table I above. The LHRH 
column bound 4.8% of the total PAP loaded on die colimm, 
while the No-pq)tide column bound 8% of the iotsU PAP. 
Therefore, the nonspecific binding of PAP to the CBP2 
column can account for« at most, a small fraction of the total 
PAP binding observed. 
E Conclusion 

The data show that the binding of PAP to the CBP2 
joolumn jwas.spcdficfor-immune -con[q>icxes'and~de|>endent~ 
on CBP2, and that CBP2 was interacting with the imnmno- 
globulin components of the I^P conoplex. 



Next, a 1 ml sample of 400 ^g^ml monomeric human IgG 
was diluted in Clq buffer, loaded on a CBP2 column, eluted 
and assayed in the same fashion as desortbed above for the 
aggregated human IgG. Also, a one ml sample containing a 
s mixture of 100 MS/nil aggregated human IgG and 400 Mg/ml 
monomeric human IgG in Clq buffer was loaded, eluted, 
and assayed as described above. The results arc shown in 
FIG. 12 and l^ble 2 below. 



10 



TABLE 2 



Peroent of Added Material Bound to the Cohimn 
Sample C3P2 Cohimn LHRH Cohimn No Peptide Oohnrtn 



Example 5 

Aggregated Human IgG Binding to the CBP2 
Column 

Human IgG was aggregated with alkali according to the 
method of Jones et aL, 7. ImmtmoL Meth, 53. 201-208 
(1982). Alkali-aggregated IgG possesses Clq binding activi- 
ties similar to those of native inmiune complexes, thereby 
satisfying the essentiai criterion for immuQG complex mod- 
els. 

A 1 nkl saiapie of 100 \ig/nd of the aggregated IgG diluted 
in Clq buffer was loaded onto a CBP2 colunm (prepared as 
described in Example 3) that had been equilibrated with 3 ml 
Clq buffer. The san4>le was drcidated through the column 
for 15 min and then eluted with 21 ml Clq buffer. foUowed 
by 3 ml 2^ (v/v) acetic acid^ and then by 6 ml Clq buffer. 

The fractions were assayed for inununogiobulin by plac- 
ing duplicate 50 |il aliquots from each fraction and 50 pi of 
coating buffer into the wells of a miaotiter plate and 
incubating the plate 2 hours at 37° C. The uncoated surfaces 
were blocked by adding 340 plAveU of PBSC followed by 
incubation of the plate foe I hour at 37** C. Next, the wells 
were washed 3 times with PBSCT. Goat antt-himian ^G 
(Heavy and Light chain specific) F(ab')2 fragments labeled 
with horseradish peroxidase (Qrganon Teknika/Cappel. 
West Chester. Pa.) was added to the wells ( 100 pJ/well) at a 
1 :30*000 dilution in FBSCT. and die plate was incubated for 
2 hours at 25** C. The wells were washed 3 times with 
PBSCT, OPD substrate buffer added (100 Mi/well), and the 
resultant colored product was measin:ed at 414 mn with a 
Tltextek Multiskan plate reader. A standard curve using a 
portion of the sample loaded on the column was U5ied in the 
ai-^ay lU oiJei to i^uauutuio ilio aniouni oi' igiS hi citch 
columo fraaion. 

The elution profile for the aggregated IgG showed two 
major peaks (FIG. 11). The aggregates not bound by the 
column were readily eluted with Clq buffer and were found 
to make up die first, flow-through peak. The flow-through 
material was calculated to comprise 5% of the total aggre- 
gated IgG added to the column. The aggregates bound to the 
column were eluted with the acetic acid wash and consti- 
tuted the larger second peak (FIG. 11). Linear regression 
calculations indicated that 95% of the aggregated IgG 
loMed on the column was bound to die column and eluted 
widi the acetic acid wash. Based on diese data, the efficiency 
of the CBP2 column for binding aggregated IgG was con- 
sidered quite high. 



15 Aggregated 
—IgG ^ 

MoDomcnc 

IgG 

Aggregated -f 
Mosamettc 
IgO 



^7 _ 
31 

95.9^ 



18.8 



20 



30 



*NoC Dcteimined 

^Obe value shown is (be percentage of aggregated bound. The aggregates 
were biotmylated allowing for a separate determination (aee bdow). 

Ute Unear regression analysis calculations indicated that 
^ af^oxlmately 31% of the total monomeric IgG loaded on 
the column was bound (see Table 2). This amount of binding 
of the human monomeric IgG was quite high relative to 
previous binding experiments using monomeric rabbit IgG. 
However^ there was a significant difference in the amount of 
binding of aggregated IgG and that of monomeric IgG. 

The linear regression calculations f<a- the mixture of 
aggregated and monomeric human IgG determined that 
thore were 1(X) \ig of IgG in the acid-eluted fractions, 
3j indicating that the column bound almost all of the aggre- 
gated IgG. Although the calculated amount of IgG in the 
acid-eluted fractions closely corre^nded to the amount of 
aggregated IgG loaded onto the column, there was no 
evidence indicating whether or not flic aggregated IgG was 
^ actually the species binding to the column. It was, therefore* 
necessary to be able to distinguish the aggregated IgG in a 
mixture of monomeric IgG and aggregates. 

To do this, a 5 mg/ml [reparation of aggregated human 
IgG was labeled with sulfosuccinimididyl-6-(biotin-amido) 
45 hcxanoate (NHS-LC-Biotin, Pierce Chemical Co., 
Rockfoid. ni.) according to die method of (jeudson et aL, /. 
Histochem. Oytochem,, 27, 1131-39 (1979). The aggregated 
IgG had 14% of the available primary amines biotinylated as 
determined by the 2,4,6-trinitr6benzene sulfonic acid 
50 (TNBS) method described in Fields, Meth, Enzymol^ 25B, 
464-68 (1972). Biotinylation of the aggregates using an 
N-bydroxysuccinamide ester addvct of biodn allowed the 
iuyid aiid s^'^cdu; i^beUug oi iitu ag^cgales. liioijayialiaii 
has been demonstrated to have minimal effects on the native 
55 conformations and activities of biomolecules. and 
CBP2±biotin showed no difference in its Rrotein A inhibi- 
tory activity. In addition, the avidin-biotin interaction is of a 
very high a£&ttity (femptomolar in magnitude) providing a 
highly specific and extremely sensitive label for the aggre- 
60 gated IgG. 

Next, a 1 ml sample c(»Ltaiaing biotinylated aggregated 
human IgG at 100 Mg/ml plus monomeric IgG at 400 ^g/ml 
in Clq buffer was ioaded,-eluted, and the column fractions 
assayed for immunoglobulin as described above. The frac- 
65 tions were also assayed for biotinylated aggregates as fol- 
lows. Duplicate 50 pi aliquots of each column fraction were 
mixed with 50 pi coating buffer in the wells of a microtiter 
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plate, and the plaie was incubated for 2 hours at 37° C. The 
uncoated surfaces of the wells were blocioed with PBSC. 
Avidin plus hiotinylated horseradish peroxidase (Vector 
Laboratories. Inc. Burlingame. Calif.) (5 ^ of each) diluted 
in 1 ml PBSCT were incubated for 30 min at 25** C. and then 
diluted 1:15 in PBSCT prior to adding 100 pl/wcll of the 
resulting complexes to the plate. The plate was incubated for 
2 hours at 25° C. the wells washed 3 tinses with PBSCT, and 
OFD substrate buffor added, and the colored product mea- 
sured at 414 nm in a Utertek Multiskan plate reado*. 

The results are shown in FIGS. 13A (assay for 
inununoglobulin) and DB (assay for biotinylated aggre- 
gated IgG) and Table 2 above. The concentration of bioti- 
nylated aggregated IgG was calculated from the standard 
curve and linear regression^ndyjis,_and^ 
^95.6% of thrbiodnylaled aggregated IgG loaded on the 
column was bound by die cdumn (sec Table 2), which 
indicates that inunune complexes can be bound to the CBP2 
column spediically in the presence of monotmeric immuno- 
globulin. 

As a controi Clq was coated on the wells of a microtiter 
plate as described in Example 2, and aliquots from each 
column fraction were incubated with the solid phase Clq for 
2 hours at 25** C. The wells were washed 3 times with Clq 
buffer. Bound immune con:4>lexes were assayed as described 
above using goat anti-human IgG F(ab*)2 fragments. Such 
antibody fragments cannot be bound by Clq« since the 
fragments have iio Fc rcgicn. 

The results of this assay of Clq binding activity showed 
that all of the Clq binding material was in the acid-eluted 
fractions, which are the fractions containing aggregated IgG 
that bound to the CBP2 column (see FIG. 13C). The 
combined data show that the CBF2 column can bind human 
inmiune complexes specifically, and diat the CBP2 column 
binds immune complexes which are bound by Clq. 

The binding of aggregated IgG by the control columns is 
also shown in Table 2. Approximately 19% of the total 
aggregates added to the LHRH column were bound to it, 
while approximately 26% of the total aggregates bound to 40 
the No-p^de column. Although the nonspecific binding of 
the aggregate to the matrix is 19-26%, the binding of 
aggregated IgG to the CBP2 column (95% of total aggre- 
gated IgG) clearly cannot be explained by nonspecific 
effects alone. Based on the relatively high percentage of 45 
nonspecific binding to the matrix, the monomeric IgG tnnd- 
ing to the column may be attributable to nonspecific binding. 

In conclusion, the above data show that the CBP2 column 
binds immune complexes that are also bound by Clq and 
that the CBP2 column is binding iimnune complexes in a 
specific fashion. 

Bxaiupie 6 

Binding of Aggregated IgG and Serum Components 
to the CBP2 Colunm 
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plexes as described in Example 5. and the results are ^own 
in FIG. 14B. Finally, Clq binding activity was assessed as 
described in Example 5, and the results are shown in FIG. 
14C. 

Nearly all of the t^otinylated aggregates bound to the 
column as can be seen in FIGS. 14B and C. Ilie calculated 
total aggregates bound was 98.2% of the amount added as 
detenniacd from the linear regression analysis of the accom- 
panying standard curve. Thus, the efficiency of immune 
con^lex binding in dilute plasma was quite high. 

In view <^ the success of this experiment, human serum 
samples were tested on die CBP2 colunm. The levels of 
immunoglobulin and immune con^^lexes in the sera were 
determined prior to their passag e over the CBP2_CQlumn.t0- 
estabUsh baselinereadinpTTo do so, either Protein A or Clq 
was coated on the wells of a microtiter plate as described in 
Example 2, and then 1:100 diluted serum samples were 
incubated with the solid phase Protein A or Clq. Any bound 
material was detected using goat anti-human IgG F(ab')2 
fragments labeled with HRP as descrit>ed in Example 5. A 
standard curve of aggregated IgG was also included with 
each assay and provided a way to normalize readings 
between the two assays (i.e., in aggregated IgG equivalents). 

The calculated aggregated IgG equivalents for both the 
Protein A and Clq assays of the serum samples before 
passage over the column are presented in Table 3. Ratios of 
the amounts of material bound by Clq to the amounts of 
material bound by Protein A, and expressed as percentages, 
are presented in FIG. 15. The Protein A assay showed that 
the sera had concentrations of immunoglobulin (Sgp) rang- 
ing from 726.9 to 1336.2 pg/ml, while the corresponding 
Clq assay showed immune complex (IC) levels ranged from 
7.1 to 32.1 ^ig/ml (see Table 3). 

TABLE 3 

Amounts of hO or Immnune Compigxes (fC) determined b? assay f Utt/mll 
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Biotinylated aggregated IgG (100 jig/ml), prepared as 
described in Example 5, was diluted in normal human 
plasma which had been diluted 1:20 with Clq buffer. A 1 ml 
5aii^>le of the aggregated IgG in diluted human plasma was 60 
eppUtd to a CBP2 colunui (prepared as described in 
Exansple 3) and eluted with Clq buffer, followed by a 2% 
(vA^) acetic add wash to elute the boimd material. Hie 
column fractions were assayed for immunoglobulin using 
goat anti-human IgG F(ab')2 as described in Example 5. and 65 
the results are shown in FIG. 14A. The biotinylated aggre- 
gated IgG was detected widi avidin-biotinylated-HRP com- 





Protein A 


Clq 


Senm Number 




(IC) 


325 


725^ 


32.1 


332 


749,1 


17.6 


318 


1183.1 


173 


335 


1336.2 


7.1 


321 


1175.7 


lljO 



Next, die serum samples were diluted 1:20 with Clq 
buffer and loaded onto a CBP2 column. The column was 
washed with Clq buffer, and the bound material eluted from 
the column with 2% (v/v) acetic acid. The column fractions 
were assayed for immunoglobulin as described in Example 

sion analysis of the standard curves, the amount of inmui- 
noglobuUn passed over the colunm (total IgG) and die 
amount of material bound (acid-eluted fractions) were 
determined, and the results are presented in Table 4. 



TABLE 4 



Amounts of IgO (ug) 

TbtallaG Add^hited Fractions 



Senm Number Calculated^ Actual^ Calculated' Actual^ 



325 
332 
318 



363 
37.5 
59.2 



126.8 
49.4 
333 



1.61 
0.88 
0.87 



4.73 
2.87 
1.72 
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TABLE 4-coDtiDued 



TABLES 



Amfnints of IgG {usCi 

TbtallaO Acid-Bhited Frectioiis 



Amounts of IgG or immiinft Coinpfexes (IC) in 
Cohmm Fractiona (iigfaalt 



S«nim Number Calculited' 



ActuaP CaicuUted* 



Actual^ 



335 
321 



66JS 
58 J8 



84.77 
40,5 



0.36 
0.55 



5.08 
4.59 



^Calculated odouiU in senim before it was passed over the ooluom osii^ 
I^oteiD A mid Clq tnodiiig assays. 

Calculated is the present experiment »»tt^ the assay for ]j;G. 
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Protein A 


Clq 


Protein A 


Clq 


Scrum Number 


a«G) 


(IC) 


OgG) 


(IC) 


'325 


39.6 


0.10 


0.30 


0.074 


332 


25.6 


0082 


0.16 


0,095 


318 


123.1 


0.11 


0.16 


0.097 


335 


19.7 


027 


0.14 


0.13 


321 


15.7 


023 


0.161 


0.159 



To the acid-eiuted fiartions^JOO ML<>O-4M.Na0H-was-i^ 
~add6d"tcnieutralize~the acetic add. The column fractions 
wo'c then divided into two groups (the flow-through and the 
acid-eluted fractions), pooled and then dialyzed against PBS 
overnight at 4^^ C. The dialyzed fractions were then aliquoted 20 
and stored at -70^ C. until the sauries could be analyzed as 
described below. 

First, a 1 ^g/ml solution of Protein A in coating buffer was ^ 
incubated in the wells of a microtiter plate (100 plAvell) icx 
2 hours at 25^ C. The uncoated surfaces were blockied with 
PBSC as described in Example 2. Aliquots (100 ulAveU) of 
bcah ihc acid-eiuted and flow-through fractions were incu- 
bated with the solid phase adsorbed Protein A for 2 hours at 30 
25** C. The wells were tfjcn washed 3 times with PBSCr, and 
goat anti-human IgG F(ab')2 labeled with horseradish per- 
oxidase diluted 1 ;30,000 in PBSCT was added (100 p/weU). 
The plate was incubated for 2 hours at 25** C. The wells were 
washed 3 times with PBSCT, foUowcd by the addition of 
OPD substrate buffer. The colored product was measured at 
414 nm using a Titertek Multiskan plate reader. 

Also, Clq was coated onto the wells of a microtiter plate. 40 
A 10 soiutiCH) of Clq in coating buffer was added to 
the wells of a microtiter plate (KX) pJ/well), and the plate 
was incubated for 2 hours at 25* C. The wells were blocked 
with PBSC as described in Exaiiq)le 2. Samples (100 
plAvell) from both tte add-eluted fraction and the flow- 
through fraction were incubated with the solid phase Clq for 
2 hours at 25° C. The wells were washed 3 times with 
PBSCr. and goat anti-human IgG F(ab*)2 was added at a 
1:30.000 dilution in PBSCT ( 100 nl/well), and Ac plate was 
incubated for 2 hours at 25'' C PBSCT was used to wash the ^ 
wells 3 times, OPD substrate buffer added, and the colcfed 

reader. 

55 

A standard curve of aggregated human IgG was used for 
both the Clq and protein A binding assays. The use of a 
common standard curve facilitated a comparisoo of the 
results from the two assays, and results were expressed in 
aggregated IgG equivalents. ^ 

The amounts of immunoglobulin (Protein A binding 
material) and immune complexes (Clq binding material), 
expressed in aggregated IgG equivalents are {»'esented in 55 
Table S. Also, the amount of immune complexes as a 
percentage of total immunoglobulin is presented in FIG. 16. 



~~'The*Clq binding activity detected in the flow-through 
fractions was a small percentage of the total IgG as deter- 
mined by Protein A binding (Table 5). The acid-eluted 
fractions had a much higher percentage of Clq binding 
material when compared to the Protein A reactive oiatcrial 
(TaUe 5). In some cases it was as high as 98%. By 
con^>ariDg the results presented in FIG. 16 with the results 
in FIG. 15, it can be seen that the acid-eluted fractions were 
enriched with immune complexes (as detected by the Clq 
assay). 

The efficiency of the column [the ratio of the total amount 
of Clq bound material in the pooled add-eluted fractionc 
versus the amount of Clq binding material in a 1 mi sample 
of 1:20 diluted serum before passage over the column] 
ranged widely from 23% to 109%. This variability may be 
diie to ihe fact fliat sera vary in their immune complex 
content due to the variation from person to person. The 
CBP2 column and ^e Clq assay may also be detecting 
different spedes of immune complexes. Clq has very dis- 
tinct biiKling affinides for IgG subdasses and for IgM, but 
the immunoglobulin speciflcity of the CBP2 column 
remains to be determined. 

Example 7 

HiPACT** Fast Protein Liquid Chronaatography 
(FPLC) Column 

A. CBP2 Coupling to HiPA(J™ FPLC Column. 

CBP2 was coupled to an HiPAC™ FPLC column 
(dimensions of 0.6 nmixlO cm) in the following fashion. 
The column was equilibrated with 10 column volumes (18 
ml) of O.IM sodium dtratc, pH 5.5, at a flow rate of 1 
ml/min at 25° C. A ligand solution of 1.4 mg/ml CBP2 
diluted in O.IM sodium dtrate, pH 5.5, plus 20 mg/ml 
sodium cyanoborohydride was prepared, and a 3 ml sample 
applied to the column. The sample was circulated through 
the. rohimn frir 20 min at C. 3t a flow rMe. of 1 ml/min 
usiiig d puiisialtic puiiip (iicuaiii iuc, WoburUf Muss.), i ae 
column was then washed with 20 ml of sodium citrate, pH 
5.5, at 1 ml/min followed by 10 ml of 2M guanidine-HCl, 
and then 10 ml of 0.05M Tris, pH 9.0, at the same flow rate. 
The column was then washed with 20 ml Clq buffer and 
stored in Clq buffer for future use. This column had a bed 
volume of 1.8 ml as compared to 0.8 ml for the LTQ column. 

The extent of CBP2 coupling to the coluimi was deter- 
mined by directly assaying the column with EUman's 
reagent as described ia Example 3. The amount of CBP2 
coupled to the column as determined by this assay was 756 
pg. The density of CBP2 in relation to flie column volume 
was 420 pg CBP2/ml matrix. This is 20% less ttian the 
density obtained for the LTQ column, which was 525 pg 
CBP2/ml matrix. 
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B. Aggregatcu Human IgG BiDdiog to the FPLC-CBP2 
Column. 

The CBP2/FPLC column was equilibrated with Clq 
bu£Fer at a flow rate of 1 rol/min for 15 min using a 
Beckmam HPLC (Model 421 controller and 112 solvent 
delivery module, Palo Alto, Calif.). A 2 ml sample of 100 
pg^ml aggregated human IgG (prepared as described in 
Example 5) diluted in Clq buffer was loaded onto tiie 
colunu with Clq buffer at a flow rate of 1 ml/min for 2 mia 
The flow fate was then increased to 2 ml/min, and main- 
tained for 20 minutes, at which time the flow rate was 
reduced to 1 mi/mio. The column was next washed with 2% 
(vN) acetic add at a flow rate of 1 ml/min for 12 mia, 
followed by Clq buffer at a flow rate of 1 ml/tnin for 6 min. 
The column eluate was collected at 1 miautc intava!s.and 
- assayed for the piesence of immun^bbuiin as described in 
Example 5. 

The resulting profile is presented in FIG. 17. From the 
linear regression calculations, the concentration of aggre- 
gated IgG in each column fraction was determined Accord- 
ing to the calculations, 96% of the total aggregated IjgG 
added to the column was found in the acid-eluted fractions. 
Therefore (he column was able to bind immune complexes 
with a high efficiency. 

In order to deterniine the specificity of the FPLC-CBP2 
cohimn for immune complexes, monomeric human IgG was 
loaded and eluted from Ihe column and assayed as described 



initial sample ("calculated"). FIG. 19 shows the ratio of Clq 
binding material to f^otein A binding material for each 
serum sample based on the values in ThUe 8 which shows 
the amounts of Protein A and Clq binding material in the 
pooled flow-through and add-eluted fractions. 

TABLE? 



10 



13. 



Ackl£luted 
ftactiops fufi) 



Serum N\imber 


Cakuiated* 


Actual^ 


Calculated* 


Actual' 


325 


72.6 


254.5 


1.76 


0376 


332 


75.0 


130.8 


1.76 


3.86 


318 


118.2 


138.62 


1.74 


233. — 


335 


133:6 


l'4t.64 


0.72 


1.71 


321 


117.6 


280.79 


MO 


3.02 



20 



25 



k^kttlated amount b sensm before passage over the cohimn as detennbed 
by binding to lutein A or Clq. 

^Cakutated amount in fractions after passage over the colunm; Cfllcubted 
using assay for JgQ. 



TABLES 



above for the aggregated IgG. ' 



, UliCcM It-: 



'grsssioa calcu- 



lations detomined that 13% of the monomeric IgG loaded 
on the column was bound to the column, indicating that the 
FPLC-CBP2 column was in fact specific fca: immune com- 
plexes and more specific than the LTQ column which 
exhibited 31% binding of monomeric human IgG. 

Next, biotinylated aggregated IgG at 100 \igfTtd was 
added to human plasma diluted 1:20 in Clq buffer, and a 2 
ml aliquot of the sample was loaded and clutcd from the 
CBP2-FPLC column as described alwve and then assayed 
for total IgG and biotinylated aggregated IgG as described in 
Example 6. 



30 



35 



Amounts of IflO or IC m Cohann P 


ractions Ufl^ml) 






Fbw-HirouAh 


AcidnEhited 




Proteia A 




Pi^iQ A 






BindiQg 


Binding 


Bindsng 


Binding 


Senm Number 


OgG) 


(K) 


OgG) 


(K) 


325 


83.2 


OJO795" 


0.188 


0.0458 


332 


42.7 


0342 


0.68 




318 


73,2 


0J0867 


0.497 


0.224 


335 


77.0 


2.45 


0.270 


0.116 


321 


82.9 


1.45 


0.584 


0.178 



Based on the data« the FPLC-CBP2 coLumui appeared to 
bind immune complexes io a similar fashion as the LTQ- 
CBP2 column. The FPLC-CBP2 column, liloe the LTQ 
column, also demonstrated a significant enrichment for Clq 
The resulting profiles are |H*esented in FIG. 18. FIG. 18 40 binding material in the add-eluted fractions. 



shows extensive trailing of the flow-throu^ material, with 
a drop in IgG concentration prior to the actd-elution frac- 
tions. The actd-elution fractions have a peak of IgG. The 
aggregated IgG profile in FIG. 18 shows that the aggregates 
remained bound to the column despite extensive flow- 45 
ttuough of excess IgG, until they were eluted by the acid 
wash. Based on linear regression analysis of the aggregated 
IgG profile, nearly all of the Hotinylated aggregated IgG 
was t>ound by the column. Hie data also indicated that the 
FPLC-CBP2 column could bind immune coniplexes prefer- 
entiaily in the presence of free monomfric IgG, in a fashion 

C. Human Serum Components Binding to the FPLC-CBP2 
Column. 

Sera were diluted 1:20 in Clq buffer and loaded and 
eluted as described above, and the column fractions assayed 
as described in Example 6. The results are presented in 
Tables 7 and 8 and RG. 19. 

Table 7 shows the total IgG in the initial serum sample 
("calculated*"), the total IgG found in the eluted fractions 60 
after the serum samples were passed over the colunm 
("acmal"), the amount of immune complexes t>ound to the 
column and eluted with the acid wash (acid-eluted firactions) 
(^'actual*'), and the amount of immune complexes in the 



The FFIX^-CBP2 column efficiencies differed signifi- 
cantly from the LTQ column efficiencies with regards to sera 
325 and 332 (Table 9). Both cohinms demonstrated higji 
binding efficiencies for sera 335 and 321, while serum 318 
was bound with a moderate efiSciency by both columns. 

TABLE 9 



Effickocy 



50 



55 



ScnnD Nurnhcr 



325 
332 
318 
335 
321 



CBP2-LTQ 
Cohmm 

23% 
54% 
56% 
109% 
87% 



CBP2-FnjC 
Coluim 

8.54% 
9-94% 
78.1% 
96.7% 
97.2% 



D3C efficiency of binding was calciilaterf os die percentage of actual ICs in 
the acid-ehtffid fractiotv: over the calculated ICs in the sample added to the 
oobuxsL 

In conclusion, based on similar trends in immune com- 
plex binding ef&ciendes and enrichments, the FPLC-CBPZ 
column was determined to be a reasonable scaled-up version 
of the LT(^CBP2 column. 
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SEQUENCE LISITNO 



( 1 )aENHRALINFORMXnON: 

( i i i ) NUMBER OF SBQUENCES: 3 



( : > liNPORMXnoN FOR 5BQ ID NO:l: 

( i ) SSQUEKCe CHARACTERISmCS: 
< A )L£N<nB: 12&miDoad(b 
( B ) TYPE: mu»> acid 
( C ) SIRANDEDNESS: 
( D )T0POL0OY: onloioim 



( t i )SBQUE^fCEDESC1UPnON:SBQIDNa:t; 



Aid Olo Olo Qlo Arg Ain Oljr Phe lie OId Ser Leu 
5 1 0 



( 2 ) INP0RMA3TQN FOR 5BQ ID NO:2: 

< t )SBQUENCeCUARACrERISTtCS: 
< A ) LEMOIB: 12 mnao ackb 
( B ) TYPE: mnao aad 
( C ) SIRANOTDNESS: 
( D )TOT<MjOOY: nflknown 

( E i )SBQUEhfCEI)eSC1UFnON:SEQlDNO-^ 

Leu Olu OIq Oly Olu Aid Val Pb: Leu Gib a La TLt 
5 1 0 



( 2 }INBDRMAIION FOR SEQ ID NO^: 

( i ) SEQUENCE CHARACTHUSmCS: 
< A ) LfiNOIH: 15 ttmtto acids 
( B ) TYFIB: floo^ acid 
( C ) STRANDBDNESS: 
( D ) TOFOUX^Y: Dokncnni 

( K t )SBQUGNCEI%SCRIPIION:SBQIDNO:3: 

Leu Qlo Olo Oly Olo Ain Val Pbe Leu Olo Ala Tbr Leu Leo Cy» 
5 10 15 



We claim: 

1* A method of removing inunuDe coiiq}lexes (x aggre- 
gated inuminoglobulins from a fluid coataining monomeric 
inimuaoglobuliD comprising: 
contacting the fluid with a binding material comprising 
plural binding pqitides, Ihc binding pqitidcs being in 
sufficient (nroximity on Ifae binding material so that the 
binding material selectively binds the immune com- 

binding peptides com|Hising the sequence: 

Leu Ghi Gin Gly Ghj Asn Val Phe Leu Gin Ala Tbr, (SEQ ID NO 2] 
I 5 10 

and then separating the fluid from the peptide. 

2. The method of claim 1 wherein the peptides have the 
following sequence: 

Uu Gtu Gin Gly Ghi Asn Val Phe Leu Gin (SEQ ID NO 3J 
1 5 10 

Ala Thr Leu Leu Cys. 

15 



3. The method of claim 1 wherein the binding material is 
45 a solid phase having the binding peptides attached thereto. 

4. A device for removing inmuine complexes or aggre- 
gated immunoglobulins from a fluid containing monomeric 
immunoglobulin con^nising: 

50 

a binding material coii^rising plural binding peptides, the 
'vndirn; pri^iKl""-; h"f;\f.' \r Mtfn£^hr*( iw:tv the 
binding material so that the binding material selectively 
binds die immune complexes or aggregated immuno- 
^ globulins in the fluid, the binding peptides comprising 
the following sequence: 

ISEQ n> NO 21 

go Leu Ghi Ohi Oly Olu Asu Val Phe Leu Ohi Ala Tin,; 
1 5 10 

and a means for encasing the binding material so that the 
fluid can be contacted with it 

65 

5. The device of claim 4 wherein the pqjddes have the 
following sequence: 
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33 34 

6. The <levice of claim 4 wherein the bioding materiai is 
Le» Glu Gin Oly Gto Ao, Va. Pte Ob [SEQ ID NO 3) , ^^jj^ j^asc having the binding pcpUdes attached thereto. 



Ah Thr Leu I^u Cys. 

15 
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DOCUMEN-T-^IDEN-TJ-F-IER-: US-5 2-6-83.63- A ^ ^ ^ 

TITLE: Method of treatment to inhibit the undesirable activation 
of the 

complement cascade with factor J, an inhibitor of complement CI 



BSPR: 

The activation of the complement cascade can also cause 
unucoi-icible "piiCiiuiiieiici/ ^ ~ 

such as inflammation, damage of normal tissue and disease states 
such as the 

autoimmune diseases. Autoimmune diseases are associated with the 

— immune^— — — ^ - — - — — 

complexes formed against indigenous tissue which are associated 
with the 

biologically active complement fragments generated by the 
classical portion of 

the complement cascade. Such diseases include but are not 
limited to: 

Hashimoto's thyroiditis, systemic lupus erythematosis, 
Goodpasture ' s syndrome. 

Graves' disease, myasthenia gravis, insulin resistance, 
autoimmune hemolyic 

anemia, autoimmune thrombocytopenic prupura, and rheumatoid 
arthritis , 

BSPR: 

In terms of the regulation of the complement system, most studies 
have focused 

on the binding properties of the CI serine proteinase 
subcomponents, Clr and 

Cls, for a serum glycoprotein, CI Inhibitor. Another Inhibitor 
that has been 

identified but whose role in regulating CI function in plasma is 
not clear is 

the Clq inhibitor (ClqINH) . 
BSPR: 

This inhibitor is functionally and antigenically distinct from 
other known 

inhibitors of CI, namely, ClINH and ClqINH. The inhibitory 
capabilities of CI 

Inhibitor are the result of its binding to the catalytic subunits 
of CI, Clr 

and Cls, and thereby inhibiting Clr and Cls. The Clq Inhibitor 
can only 

inhibit the assembly of the CI complex by prior binding to Clq. 
In 

contradistinction, - it has been discovered that factor J does -not 
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inhibit Cls, 

and that factor J can both dissociate intact CI as well as 

. p rev ent its assembly ,. _ ^ 

from subcomponents. Thus, factor J is functionally distinct from 

CI Inhibitor 

and Clq Inhibitor. 

DEPR: 

Factor J did inhibit association of the CI complex as measured by 
factor J's 

ajji-L-Luy- Co j.iiiiiL'xL LiiO preoi]-»j. LdLiuii 01 .sup. 12 o i-Ciq in Liie 
presence of Clr 

and Cls, FIG. 7. This titration profile, 71, was very similar to 
that obtained 

_when_ the__do.ae .resp_Qns.e_.o.f„£actor_ J„ inhib.i.t.i.on-of_Cl- .formation- in- - 
the hemolytic 

assay, 72. Both assays were measured over the same concentration 
range of 

polypeptide. The difference in the shape of the inhibition 
curves for .sup. 125 

I-Clq interaction with Clr. sub. 2 s.sub.2, 71, and the inhibition 
of CI 

hemolytic activity, 72, emphasizes that factor J inhibits the Clq 
and Clr. sub. 2 

s.sub.2 reaction in a saturable manner consistent with direct 
binding to CI, 

whereas" the inhibition of CI hemolytic function follows a 
sigmoidal 72 response 

consistent with the complex kinetics of erythrocyte lysis induced 
by diluted 
s e rum . 

DEPR: 

Although factor J has been shown to inhibit Clq association with 
Clr. sub, 2 

s.sub.2, the mechanisms for this inhibition are not the same as 
that of CI 

inhibitor or Clq inhibitor. CI inhibitor acts by binding to both 
catalytic 

subunits of CI, Clr and Cls. An assay measuring esterase 
activity of purified 

Cls, FIG. 8 compares factor J inhibition for Cls, 82, with 
inhibition of the CI 

inhibitor for Cls, 83. As seen in FIG. 8, Cls in the presence of 
factor J, 82, 

or buffer alone, 81, show comparable amounts of esterase 
activity, whereas, the 

addition of CI Inhibitor resulted in a significant decrease in CI 
esterase 

activity, 83. Clq inhibitor acts by binding to Clq and thereby 
preventing the 
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catalytic subunits from binding to Clq. FIG. 9 demonstrates that 
factor J does 

--noi_jDlxid_tO--Clq--under_-Condi±.i.ons_in_w.hlch--t^ 
bind Clq. 

Partially purified Clq inhibitor bound to and precipitated 
.sup. 125 I-Clq, 101, 

whereas, purified factor J did not bind to .sup, 125 I-Clq in the 
fluid phase to 

permit precipitation of the .sup. 125 I-Clq, 102. 

Silvestri et al., "The Clq Inhibitor in Serum is a Chondroitin 
4-Sulfate 

Proteoglycan" 256 J. Biol. Chem. 7383-7387 (1981). 



ORPL: 

Ghebrehiwet, "Clq Inhibitor (ClqINH) : Functional Properties and 
Possible 

Relationship to a Lymphocyte Membrane-Associated Cql Precipitin" 
126 J. 

Immunol. 1837-1842 (1981). 
ORPL: 

Ghebrehiwet, "Purification and Partial Characterization of a Clq 
Inhibitor from 

the Membranes of Human Peripheral Blood Lymphocytes" 129 J. 
Immunol. 151-162 
(1982) . 



06/04/2001, EAST version: 1.02.0008 



United States Patent 

Nicholson-Weller 



[19] 



US0O5268363A 

[11] Patent Number: 
[45] Date of Patent: 



5,268,363 
Dec. 7, 1993 



[54] METHOD OF TREATMENT TO INHIBIT 
THE UNDESIRABLE ACTIVATION OF THE 
COMPLEMENT CASCADE WITH FACTOR J, 
AN INHIBITOR OF COMPLEMENT CI 



[75] Inventor: 
[73] 



Assignee: 



Anne Nicholson-WeUer. WeUesley, 
Mass. 

The Beth Israel Hospital Association, 

"Boston, Mass. 



[21] 
[22] 



Appl. No.: 874,620 
FUed: Apr. 27, 1992 



Related UJS. Applicatio^Pata 



[62] Division of Ser No. 406,144, Sep. 12, 1989, Pat. No. 
5,109,114. 

[51] Int a.5 C07K 3/28; A61K 37/02 

[52] U.S. a 514/21; 530/350; 

530/412; 530/413; 530/415; 530/416 

[58] Field of Search 514/21; 530/416, 412, 

530/413,415, 350 

[56] References Oted 

U.S. PATENT DOCUMENTS 

4,147,801 4/1979 Lenhard et al 424/315 

4.558,232 6/i9S3 Eibl s:i a) 530/380 

4,883,784 11/1989 Kaneko 514/424 

4.915,945 4/1990 Pelzer et al 421/101 

5.109,114 4/1992 Nicholson-Weller 530/350 

OTHER PUBLICATIONS 

Sofer et al. Nov./Dec. 1983, Bio/Techniques, pp. 
198-203. 

Cooper, "The Classical Complement Pathway: Activa- 
tion and Regulation of the First Complement Compo- 
nent" 37 Adv, Immunol 151-216 (1985). 
Schumaker et al., "Activation of the First Component 
of Complement" 5 Ann, Rev. Immunol. 21-42 (1987). 
Reid et al., *'The Proteologic Activation Systems of 
Complement" 50 Ann. Rev. Biochem. 433-464 (1981). 
Ziccardi, "The Role of Immune Complexes in the Acti- 



to 



z 
g 

t 

CD 

r 

2 



vation of the First Component of Human Complement" 
132 J. Immunol. 282-288 (1984). 
Ziccardi, "Demonstration of the Interaction of Native 
CI with Monomeric Immunoglobulins and CI Inhibi- 
tor" 134 J. Immunol 2559-2563 (1985). 
Silvestri et al., "The Clq Inhibitor in Serum is a Chon- 
droitin 4-Sulfate Proteoglycan" 256 J. Bioi. Chem. 
7383-7387 (1981). 

Ghebrehiwet, "Clq Inhibitor (ClqINH): Functional 
Properties and Possible Relationship to a Lymphocyte 
Membrane-Associated C^ql Precipitin" 126 J. Immunol. 
1837-1842 (1981), 

Ghebrehiwet, "Purification and Partial Characteriza- 
"tion of a C l q Inhibitor from the -Membranes of-Human- 
Peripheral Blood Lymphocytes" 129 J. Immunol. 
151-162 (1982). 

Davis, "CI Inhibitor and Hereditary Angioneurotic 
Edema" 6 Ann. Rev. Immunol. 595-628 (1988). 
Lopez-Trascasa et al., 1989. J. Biol. Chem. 264(27): 
16714-16221. 

Abstract, Biosis No. 2064952 of Cheung et al. 1986, 
Biochem Biophys Acta 882(2): 200-209. 
Ghebrehiwet et al., 1988, J. Immunol Methods 110: 
251-260. 



Assistant Examiner — Keith C. Furman 
Attorneyf Agent, or Firm — Lorusso & Loud 



[57] 



ABSTRACT 



A purified protein, factor J, which has inhibitory prop- 
erties which prevent the formation or the dissociation of 
CI complex and a method of purification for said pro- 
tein. The method including the following sequential 
chromatography steps: anion exchange QAE-"SE- 
PHADEX". heparin-"SEPHAROSE" affinity, 
"MONO Q" and hydroxylapatite. 

3 Claims, 6 Drawing Sheets 
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1 2 

which is functionally and antigenically distinct from 

METHOD OF TREATMENT TO INmBIT THE known inhibitors of C 1 . 



UNDiSIRABLE-ACTIVATION-GF THE ^It is more specifically an object-of the-present inven- 

COMi'LjeMEOT cascade WITH FACTOR J, AN tion to characterize the properties of an inhibitor of CI, 
INHIBITOR OF COMPLEMENT CI 5 factor J 

BACKGROUND OF THE INVENTION SUMMARY OF THE INVENTION 

The invention described herein was made with Gov- accordance with the present invention, factor J is 

eminent support and the U.S. Government has certain from body Hmd. in a multi-column purification 

rights in the invention '° Procedure. The sequence of columns necessary for puri- 

"This is a divisional of copending applications(s) Ser. !L^v??j°^.."''^'^^!" 

No. 07/406,144 filed on Sep. 12, 1989. now Pat. No. affinity, MONO Q" and hydroxylapatite HPLC col- 

5,109,1 14, which'designated the U.S." punfied Factor J has a molecular weight 

The immune system is the power of the body to resist ^^^^ ^p.OOO daltons, minimal absorption at 280 

invasion by pathogenic organisms, and to overcome 2°. and a relatively small number of tyrosme residues, 

such invasion and its ensuing infection, once it has taken 7^^ newly discovered protem has been found to mhibit 

place. The complement system is important in the im- association of the etramenc complex Clrjsz with 

-mune-respome.-Complement.is.a physiological-process- _*f, '5°°8"*^^ 
which involves many plasma proteins that react in a ,„ f-lly .^«n,Wed-act.vated CI complex, 
cascading (sequential) effect to mediate a number of h„^? fr^ ^.h'. "/""'"""^K^K-r'^ antigenically dis- 
desirable biologically significant phenomena. Such phe- f^l^ Z r i iVH T ° w V 

finmAns inMi.^o ,»/ii„iT.i„„ „f fko ; . ^ ^ ClINH and ClqiNH. The mhibitory capabilities of CI 

nomena incluoe modulation of the immune response, t..u:k:.^. »ul i. w j- . .i. . i 

facilitation of the transport of immune complexes pro! S^nf ' r ,Th r, ^Iv "'j^f 

duction of anaphylatoxins which cause releL of hista- „ 'r^^ ' ' *f«»');.?'.^'b'tmg Clr 

mine, chemot^xis which is the migration of cells " L?Jf 5 ',5 ^^^^^^^ 

»^.i>o^^^ « 1 ^ * *• f u ^ - bly of the CI complex by pnor binding to CI Q. In con- 

towaras the area of complement activity, phaeocytosis, ^.-^ -^i- u ^ ^ 

and lysis of cells f & y ^> tradistincnon, it has been discovered that factor J does 

tJL „^*;w«,j« ' *f *k - 1 * ^ t ^ot inhibit Cls, and that factor J can both dissociate 

.f„H c w I con^PJe^em cascade can also i^,,^^ ci as well as prevent its assembly from subcom- 

cause undesirable phenomena such as mflammation. 30 ponents. Thus, factor J is functionally distinct from CI 

damage of normal tissue and disease states such as the inhibitor and Clo Inhibitor. 

autoimmune diseases, /autoimmune diseases are associ- broadest ^>verall aspect, factor J is first isolated 
ated with the immune complexes forrned agm^^^ ^^^led and then administered in a therapeutic 
nous tissue which are associated with the biologically amount to inhibit the undesirable activation of the com- 
acuve complement fragments generated by the classical 35 plement cascade, 
portion of the complement cascade. Such diseases in- 
clude but are not limited to: Hashimoto's thyroiditis, BRIEF DESCRIPTION OF THE DRAWINGS 
systemic lupus erythematosis, Goodpasture's syndrome, piG. 1 is an elution profile of the purified factor J of 
Graves disease, myasthenia gravis, msuUn resistance, present invention, at three different simultaneously 
autoimmune hemolyic anemia, autoimmune thrombo- 40 recorded wavelengths (A 220, 254. and 280 nm). 
cytopemc prupura, and rheumatoid arthritis. piG. 2 is an autoradiograph of radiolabeled factor J 
It IS known that the first phase of complement activa- of the present invention, after being run on a SDS- 
tion begins with CI, CI is made up of three distinct PAGE 3-20% slab gel 

proteins: a recognition subunit, Clq. and the serine piG. 3 is the UV spectra from 220-300 nm of the 

protemase subcomponents. Clr and Cls which are 45 peak of factor J of the present invention, eluted form the 

bound together m a calcium-dependent tetrameric com- hydroxylapatite column. 

plex, Clr2S2. An intact CI complex is necessary for FIG. 4 is a graph showing the kinetics of factor J 

physiological activation of CI to result. Activation activity of the present invention as plotted on they axis 

occurs when the intact CI complex binds to immune- against the incubation time. 

globulin complexed with antigen. This binding activates 50 . FIG. 5 is a bar graph which plots the temperature at 

CI s which would then react with the next plasma pro- which a hemolytic assay was performed on the x axis 

tern, C4. to start the cascading effect rolling- and the activity of factor J of the present invention (% 

In terms of the regulation of the complement system. inhibition of lysis using a hemolytic assay) on the y axis, 

most studies have focused on the binding properties of FIG. 6 is a reciprocal plot showing factor J of the 

the. Cl srnne pro{Rir.n^.e KiihrroinT^orients, Clr '>ti(i Os, :Vi prc^rr^t nivcrtioT^ r r.-vt-.-^-tpN^i i^M-'f-ir. 

I'ui a serum glycoprotein. CI inriibitor. Another Inhibi- ' FIG. 7 is a graph plotting the dose response of factor 

tor that has been identified but whose role in regulating J of the present invention when titered, x axis, in the 

CI function in plasma is not clear is the Clq inhibitor hemolytic and CI complex formation assays. 

(ClqINH). FIG. 8 is a graph showing the inability of factor J of 

It is important to identify and isolate inhibitors of the 60 the present invention to bind to the catalytic subunit of 

complement system because by isolating an inhibitor CI as compared to CI Inhibitor, 

one may be able to control the effects of diseases such as FIG. 9 is a graph of the addition of comparable 

those stated above. The inhibitors may provide a basis amounts of functional activity of ClqINH or factor J of 

for pharmacologic intervention, either by allowing ma- the present invention (x axis) plotted against the amount 

nipulation of the level of an inhibitor, or by providing a 65 of bound complex ^^HCl that is precipitable. 

model for the chemical synthesis of a new inhibitor. FIG. 10 is a graph indicating the presence of the 

It is therefore an object of the present invention to factor J antigen of the present invention in human 

provide a method for the isolation of an inhibitor of CI serum. 
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FIG. 11 is a bar graph showing the antigenic differ- 
ence-bet ween-Cl-Inhibitor_and_factor_J_of J he_pr_c^eni_ 
invention. 

DETAILED DESCRIPTION OF THE , 
INVENTION 

The present invention is based on the discovery of a 
new, functionally and antigenically distinct inhibitor of 
CI complex association, factor J. A method is described 
for purifying and characterizing factor J. 10 

The preparation starts with a sample of body fluid, 
such as, but not limited to, urine and serum, which has 
been dialyzed. The dialyzate is filtered and loaded onto 
an anion exchange colunm which has been equilibrated 
with dialysis buffer containing salt. The drop through 15 
fractions are collected and pooled. 

The pooled fraction is diluted with the starting buffer 
quatemary-aminoethyl-(QAE)^SEPHADEX'LAr50. _ 
colunm and loaded onto the column, **SEPHADEX** is 
composed of beaded cross-linked dextran. Factor J is 20 
collected in the drop through and early eluted fractions 
of the linear salt onto a heparin "SEPHARGSE^afTmity 
column. *'SEPHAROSE" is composed of beaded aga- 
rose. Factor J elutes between 18 and 20 mS during a 
linear salt gradient when the column is equilibrated at 25 
pH 7.4 and NaCl provides the counter ion. Pools of 
fractions with factor J are concentrated and the buffer 
exchanged for the starting buffer of the "MONO Q" 
column with inhibitors. A MONO Q column is and 
anion exchanger having quaternary amine groups on 30 
polymeric resin beads having a pore structure of greater 
than 500 Angstroms used for the resolution of proteins 
and peptides. 

The concentrated solution is loaded on the "MONO 
Q" column and the drop through fractions are pooled, 35 
concentrated and the buffer exchanged with phosphate 
starting buffer of the hydroxylapatite column. The solu- 
tion is then loaded onto a hydroxylapatite column and 
eluted with an increasing linear phosphate gradient. 
Absorbances at 220, 250 and 280 are measured and the 40 
final pools are made based on the UV absorbency and 
inhibitory activity. 

The following example is submitted to illustrate but 
not limit this invention. 



EXAMPLE 1 



45 



Human urine was collected from normal donors in 
250 ml polypropylene bottles containing stock amounts 
of the following inhibitors calculated to achieve the 
following final concentrations: 1 mm phenylmethyl* 50 
sufonyl fluoride (PMSF); 5 MM EDTA; 0.01% sodium 
azidc (NaN3); 1 ug/ml leupeptin; 2 mm benzamidine- 
HCl, 1 ug/nil aprotinin. Upon collection of 250 ml of 
rrinf fhc boMle was frozct) immerlipfHy 3t —70* C. To 
iaiiviatc tlte put ificaiioii procedure the requisite uuinbei If^ 
of bottles to provide 800-1000 nil urine were thawed, 
the urine adjusted to pH 7.4 with a saturated solution of 
Na2HP04. and dialyzed in 3,500 Mr cut-off tubing 
against 4 changes of 10 hters of 10 mM sodium phos- 
phate, pH 7.4, 2 mM EDTA, 0.01% NaNi, 0.5 mM 60 
PMSF buffer until the conductivity was 2 mS, or less. 
The dialyzed urine was filtered through a 3 urn pore 
polypropylene filter, available from Pall-Chisholm 
Company of Cranston, RI, and loaded onto a diethyl- 
amino ethyl (DEAE) "SEPHACEL" column, or 65 
DEAE "SEPHACEL" column, available from Phar- 
macia LKB Biotechnology of Piscataway, NJ, column 
(5x50 cm) equilibrated in the dialysis buffer with 0.04 



M NaCl added. "SEPHACEL" is composed of beads 
of e pichlorhydrin cross-linked ce llulose. The drop- 
through fraction were pooled and the pool^ilutea"with 
5 volumes of 5 MM Tris buffer, pH 9, and applied to a 
QAE-"SEPHADEX'* A-50, available from Pharmacia 
LKB Biotechnology of Piscataway, NJ., column (5x30 
cm) equilibrated in 1 mM NaCl, 5 mm Tris, pH 9. Fac- 
tor J activity was about equally present in the drop- 
through fractions and in the early eluted fractions when 
a linear gradient was applied of staning buffer made 
with 500 mm NaCi. 

Separate pools of factor J were made from the drop- 
through and eluted fractions, and these pools were kept 
separate over the subsequent purification steps, al- 
though subsequent studies indicated there was no de- 
tectable difference in the factor J from the two pools. 
Each pool was loaded on a heparin-"SEPHAROSE" 
_column_(5,X.l ILcm) madeji^^ 
coupled by cyanogen bromide to *'SEPHAR0SE"4B 
available from Pharmacia LKB Biotechnology of Pis- 
cataway, NJ, and equilibrated in 25 mm NaCl, 50 mm 
Tris, pH 7.4. Factor J activity eluted between 18-20 mS 
during a linear gradient of starting buffer made with 1.5 
M NaCl. Pools effractions with factor J activity were 
concentrated and buffer exchanged by ultrafiltration 
using a cellulose 1000 Mr cut-off membrane, Spectra/- 
Por type C, available from Spectrum Medical Industries 
of Los Angeles, CA, into the staning buffer for the 
"MONO Q", 40 mM NaCl, 10 mM sodium phosphate, 
pH 7.8, 2 mm EDTA. 0,01% NaN3. 5 mM PMSF. The 
concenirated pools were loaded onta a "MONO Q" 
HPLC column, HR 5/5, available from Pharmacia 
LKB Biotechnology of Pisqataway, NJ, and the drop- 
through fractions pooled, concentrated, and buffer ex- 
changed into the starting buffer for hydroxylapatite, 10 
mm sodium phosphate, pH 7.4, 0.01 mm CaCh as de-' 
scribed above. The concentrated pools were loaded 
onto a HPHT hydroxylapatite HPLC column available 
from Bio-Rad of Richmond, CA, and eluted with a 
linear gradient of 10-400 mM sodium phosphate pH 7.4, 
10 um CaCl:, As seen in FIG. 1, absorbances at 220 nm, 
30, 254 nm 31, and 280 nm 32 were measured simulta- 
neously using a diode-array spectrophotometer, Hewl- 
ett-Packard #I040A, available from Hewlett-Packard 
Analytical Instruments of Avondale, PA. Final pools 
were made based on UV absorbency, 30, 31, 32, and 
inhibitory activity, 33. 

The following characterization data represents spe- 
cific results of factor J purified according to example 1. 
The factor J isolated is a protein with the following 
properties. FIG. 2 is an autoradiograph of unreduced, 
Lane 42 and reduced, Lane 43, ^^^I-factor J, run on a 
3-20% slab SDS-PAGE gel. The major bands of factor 
J bad n mobility nf 1 fi,400 44, which did not change 
Willi icUuctioii 4!>. Kepeaccd afialysis oi' iuctor J ic- 
vcaled a molecular weight which varied from 1 8,000, 
44, to 22,000, 45. This variation is inherent in this 
method. A second prominent band was at 200,000 M,> 
46. Molecular weight detiermination was based on the 
J*C labeled protein standards: myosin (200,000), phos- 
phorylase b (92,500), bovine scrum albumin (69,000) 
ovalbumin (46,000) carbonic anhydrase (30,000) and 
lysozyme (14,100). We believe the true molecular 
weight to be about 20,000 Mr because manipulations 
such as storage, heating, exposure to low pH or reduc- 
ing agents increased the relative amounts of the 200,000 
Mr and decreased the relative amount of the 20,000 Mr 
form. 
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Isolated factor J has the capacity to agglutinate the B, and peperidin. Hie process step in the alternative 

erythrocytes of various s peciesjhunimi,j;abbit where factor J inhibi ts is not yet known, 

pig and sheep erythrocytes have been tested, and all are Antigenic results indicate that factor J~is present"in 

positive). This agglutination becomes apparent after the human serum and it does not cross react with antigen 

factor J has passed through QAE-"SEPHADEX'\ The 5 for CI Inhibitor. FIG. 10 shows that goat anti-human 

agglutination titer and functional inhibitory titers are serum precipitates radiolabeled factor J, 121, above the 

roughly parallel. The agglutination can be inhibited by background level precipitated by normal goat serum, 

commercial heparin. 122. Goat anti-Clq. 123. did not cause any precipitation 

The amino acid composition of isolated human urine of radiolabeled factor J above background. In addition, 

factor J revealed a relatively small amount of tyrosine. 10 FIG. 11 demonstrates that factor J is not antigenicaUy 

about 8.7 residues per 1000. which is consistent with the related to CI Inhibitor. The anti-Cl Inhibitor did not 

poor reactivity of factor J in Folin Assays. In addition. specifically absorb the factor J. 1 1 1 . as compared with 

Uv spectra of purified factor J. FIG. 3, suggests a low anti-5, a control. 1 12. where^^the anti-Cl Inhibitor was 

tryptophan value which is demonstrated by the minimal able to specifically absorb >25i.ci Inhibitor under the 

absorption of puified factor J at 280 nm, 55. same conditions, 113. . . ^ 

Results indicate that factor J is not an enzyme. Factor , Having above indicated a preferred cmbodunent of 

J inhibition occurs rapidly as can be seen in FIG. 4. present invention it will occur to those skilled in the 

Factor J-reached-maximum inhibitory-potential-within ar^jhM^od^tfigau^isa^ 

approximately five minutes, 61. Inhibitory potemial was ^^^^^^ and scope of the mvention. It is accord- 
measured using a functional hemolytic assay. FIG. 5 mgly mtended to defme the scope of the mvenUon only 
shows that factor J activity inhibition) is not affected by ^ "^^^^^^^ ^^"^^^'^g 
temperature. There was no significant change in activ- EXAMPLE 2 
ity at temperatures ranging from 40' C . 62 to 37" C Approximately 100-200 ml of serum is collected and 

^V?' ' ^^Tkv ^ -.t 25 saturated to 15% (weight/weight) with polyethylene 

mdicates that factor J mhibUion is noncompetitive 68. ^^^^^^^^ ^^^^ ^^J,^^ ^^^^^ 

This suggests that the ^talytic subumt and factor J are ^^^^^^^ ^ ^ ^ 3^ 

bmdmg revei^ibly. randomly and independently at dif- ^^^^ ^^^^ centrifuged. The precipitate is collected 

ferent sues Accordmgly factor J could be bmding to supernatant is discarded. 

Clq directly or it could be bmdmg to Clq once its is 3^ -^h^ precipitate is solubilized with pH 7.5 NaCl phos- 

bound to CI r2S2. , , ^ , , phate buffer and further diluted with v;-ater to adjust the 

Factor J did mhibit association of the CI complex as ^^^^^^^ ^ conductivity of about 4 mS. TOs adjusted 
ability to inhibit the precipitation ^^^^^^^^ 1^^^^^ onto a DEAE-"SEPHACEL" avaD- 
ofiWi.ClqmthepresenceofClrandCls,FIG.7.This ^ye from Pharmacia LKB Biotechnology of Piscata- 
titration profile, 71, was very similar to that obtained 35 ^^y, NJ, column (5x50 cm). The non-absorbed mate- 
when the dose response of factor J mhibition of CI ^ial is collected, pooled and adjusted to pH 9. The ad- 
formation in the hemolytic assay, 72. Both assays were justed material is then applied to a QAE."SE- 
measured over the same concentration range of poly- PHADEX"A-50 available from Pharmacia LKB Bio- 
peptide. The difference in the shape of the inhibition technology of Piscataway, NJ, column f5x30 cm) 
curves for i^H-Clq interaction with Clr2S2, 71. and the 40 equilibrated in 1 mM NaCl, 5 mM Tris, pH 9. The efHu- 
inhibition of CI hemolytic activity. 72. emphasizes that ent is collected, pooled and adjusted to pH 7.2. 
factor J inhibits the Clq and Clr2S2 reaction in a satura* adjusted eflluent pool was loaded on a heparin- 
ble manner consistent with direct binding to CI, Sepharose column (5 X 1 5 cm) made from crude porcine 
whereastheinhibitionof CI hemolytic function follows heparin coupled by cyanogen bromide to **SE- 
a sigmoidal 72 response consistent with the complex 45 PHAROSE"-4B. available from Pharmacia LKB Bio- 
kinetics of erythrocyte lysis induced by diluted serum. technology of Piscataway. NJ, and equilibrated in 25 

Although factor J has been shown to inhibit Clq mM NaCl, 50 mM Tris, pH 7.4. Factor J activity eluted 

association with Clr2S2, the mechanisms for this inhibi- between 18-20 mS during a linear gradient of starting 

tion are not the same as that of CI inhibitor or Clq buffer made with 1.5 M MaCl. Pools of fractions with 

inhibitor. CI inhibitor acts by binding to both catalytic 50 factor J activity were concentrated and buffer ex- 

subuniU of CI, Clr and Cls. An assay measuring ester- changed by ultrafiltration using a cellulose 100 mrcut- 

ase activity of purified Cls. FIG. 8 compares factor J off membrane, Spectra/Por type C, available from 

inhibition for Cls. 82, with inhibition of the CI inhibitor Spectrum Medical Industries of Los Angeles, CA, into 

for Cls, 83. As seen in FIG. 8, Cls in the presence of the starting buffer for the "MONO-Q" column, 40 mM 

amounts of esterase activity, whereas, the addition of 0.01% NaNs, 5 mM PMSF. The concentrated pools 

CI Inhibitor resulted in a significant decrease in CI were loaded onto a "MONO Q" HPLC column, HR 

esterase activity. 83. Clq inhibitor acts by binding to 5/5, available from Pharmacia LXB Biotechnology of 

Clq and thereby preventing the catalytic subunits from Piscataway, NJ, and the drop-through fractions pooled, 

binding to Clq. FIG. 9 demonstrates that factor J does 60 concentrated, and buffer exchanged into the starting 

not bind to Clq under conditions in which the Clq buffer for the hydroxylapatite column, 10 mm sodium 

Inhibitor could bind Clq. Partially purified Clq inhibi- phosphate. pH 7.4, 0.01 mM CaCb. The concentrated 

tor bound to and precipitated ^^H-Clq^ 101, whereas, pools were loaded onto a HPHT hydroxylapatite 

purified factor J did not bind to ^^^hCiq in the fluid HPLC column available from Bio-Rad of Richmond, 

phase to permit precipitation of the ^^^l-C\q, 102, 65 CA. and eluted with a linear gradient of 10-400 mM 

Factor J can also inhibit the human alternative com- sodium phosphate pH 7.4, 10 urn CaCla- Pools were 

plement pathway in an assay utilizing sheep erythro- made based on UV absorbency and inhibitory activity, 

cytes bearing human C3b, and purified factor D, factor This pool is then applied to a Vydac C4 reverse phase 
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column, available from Vydac of Hisperia, CA, which 
has_bcen_cquilibratcd with 0.1% trifluoracetic acid 
(TFA) in water. The factor J is eluted in a gradient 
made with the equilibration buffer and 95% acetonitrile 
in 5% water, 0.1% TFA. The elution rate is 1 ml/min 
and the factor J peak elutes at about 19 min in a 30 
minute run. The fractions are dried down and reconsti- 
tuted in 0.1 M NH4HC03 buffer for assaying. 

In practice, factor J is isolated, purified and adminis- 
tered in a therapeutic amount to inhibit the undesirable 
activation of the complement cascade system. 

What is claimed is: 

1. A method of inhibiting complement activation 
comprising: 

administering purifying factor J with the following 
characteristics: 

a)_elutes as a sin gle peak frona_a hyd roxylapat ite col- 

umn with symmetrical U.V, absorbance at 200, 2'50 
and 280 nm; 20 
b) a tyrosine composition of about 8.7 residues per 
1000 residues; 



10 



15 



c) inhibits CI; 

d) does not inhibit Cls; 
ejHissociates iiitact~C l] 

0 presents CI assembly form subcomponents 

g) when subjected to sodium dodecy! sulfate-polyar- 
crylamide gel electrophoresis, migrates to a region 
corresponding to a molecular weight between 
18,000 and 22,000 Daltons. whether reduce or non- 
reduced; 

h) agglutinates the erythrocytes from several species 
of mammals including human, rabbit, guinea pig 
and sheep and this agglutination is inhibited by 
heparin;- 

i) inhibits the alternative complement pathway; and 
j) is free of other known inhibitors of CI; in an 

amount effective to inhibit the undesirable activa- 
t*on of the complement cascade. 

2^The method of claim 1 wherein said factor J is 

purified from urine collectedTfonTthe patientr " 

3. The method of claim 1 wherein said factor J is 
purified from serum collected from the patient. 
***** 
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ABSTRACT 



A purified protein, factor J, which has inhibitory prop- 
erties which prevent the formation or the dissociation of 
CI complex and a method of purification for said pro- 
tein. The method including the following sequential 
chromatography steps: anion exchange, QAE- 
Sephadex, heparin-Sepharose affinity, Mono-Q and 
hydroxylapatite. 

3 Claims, 6 Drawing Sheets 
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It is more specificaMy an object of the present inven- 

CH ARACTERIZATIOiV AND_METHOD_OF tion to ch aracterize the pro perties of an inhibitor of CI, 

ISOLATION FOR AN INHIBITOR OF factor J 

COMPLEMENT Gl ^ SUMMARY OF THE INVENTION 

BACKGROUND OF THE INVENTION In accordance with the present invention, factor J is 

The invention described herein was made with Gov- from body fluid, in a inulti-column purification 

emment support and the U.S. Government has certain Procedure. The sequence of columns necessary for pun- 
. . . . . fication IS an anion exchange, QAE-Sephadex, affinity, 

nghts m the inven ion. „ . . 10 Mono Q,and hydroxylapatite HPLC columns. The pu- 

The immune system IS the power oi me Doay to resist i- ^ ^ * i i. i i • \ r u . 

I . . J . nfied Factor J has a molecular weight (Mr) of about 

mvasion bv pathoeemc organisms, and to overcome ^rvr^ _• • • i u ^ ion j 

" : -/ *^ ^ ,^ - r . .1 20,000 dahons, mmimal absorption at 280 nm, and a 

such mvasion and its ensuing infection, once .t has taken ^^^^^ of tyrosine residues. The newly 

place. The complement system .s important in the ,m- ^^^^J^ ^as been found to inhibit theassocia- 

mune response. Complement b a physiological process 15 ^j^^ ^^.^^^ tetrameric complex ar2s2 with the recogni- 
which involves many plasma protems that react m a ^.^^ ^^^^^j^ ^^.^^^^ fully assem- 

cascading (sequential) effect to mediate a number of bled-activated CI complex. 

-desirablebiologicall)--sigmficant-phenomena.-Such-phe- Tliis-ihhibifor-is-furictionally-and-antigenically-dis-~- 

nomena mclude modulation of the immune response, tinct from other known inhibitors of CI, namely, ClINH 
facilitation of the transport of immune complexes, pro- 20 ^ inhibitory capabilities of CI Inhibitor 

duction of anaphylatoxins which cause release of htsta- y„ j.„g ,q j,,^ ^^,3,^;^ j^j,^^;,^ ^j- 

mine, chemotaxis which is the migration of cells ci, Clr and Cls, and thereby inhibiting Clr and CIs. The 
towards the area of complement activity, phagocytosis, Inhibitor can only inhibit the assembly of the CI 

and lysis of cells. ,25 complex by prior binding to Clq. In contradistinction, it 

The activation of the complement cascade can also ^^^^ discovered that factor J does not inhibit Cls. 

cause undesirable phenomena, such as inflammation, ,^3^ ^3^,^^ j ^^^^^^ dissociate intact Ci as well as 

damage of normal tissue and disease states such as the p^^^^^, j,j assembly from subcomponents. Thus, factor 
autoimmune diseases. Autoimmune diseases are associ- j functionally distinct from CI Inhibitor and Clq In- 
ated with the immune complexes formed against indige- hibitor 

s tissue which are associated with the biologically ^.j-oades! overall a-spect, factor J is first i-^^^t^ 



active complement fragments generated by the classical purified and then administered in a therapeutic 

portion of the complement cascade. Such diseases in- amount to inhibit the undesirable activation of the com- 
clude but are not limited to: Hashimoto's thyroiditis, plement cascade, 
systemic lupus erythematosis, Goodpasture's syndrome, 35 

Graves' disease, myasthenia gravis, insulin resistance, BRIEF DESCRIPTION OF THE DRAWINGS 
autoimmune hemolyic anemia, autoimmune thrombo- piQ j elution profile of the purified factor J of 
cytopenic prupura, and rheumatoid arthritis. ^^e present invention, at three different simultaneously 

It is known that the fit^t phase of complement activa- recorded wavelengths (A 220, 254, and 280 nm). 
tion begins with CI. CI is made up of three distinct 40 piG. 2 is an autoradiograph of radiolabeled factor J 
proteins: a recognition subunit, Clq, and the serine pro- of the present invention, after being run on a SDS- 
teinase subcomponents, Clr and Cls which are bound PAGE 3-20% slab gel. 

together in a calcium-dependent tetrameric complex, piG. 3 is the UV spectra from 220-300 nm of the 
Clr2S2. An intact CI complex is necessary for physiolog- peak of factor J of the present invention, eluted form the 
ical activation of CI to result. Activation occurs when 45 hydroxylapatite column. 

the intact CI complex binds to immunoglobulin com- piG. 4 is a graph showing the kinetics of factor J 
plexed with antigen. This binding activates Cls which activity of the present invention as plotted on the y axis 
would then react with the next plasma protein, C4, to against the incubation time. 

start the cascading effect rolling. FIG. 5 is a bar graph which plots the temperature at 

In terms of the regulation of the complement system. which a hemolytic assay was performed on the x axis 
most studies have focused on the binding properties of and the activity of factor J of the present invention (% 
the CI serine proteinase subcomponents, Clr and Cls, for inhibition of lysis using a hemolytic assay) on the y axis, 
a serum glycoprotein, CJ Inhibitor. Another inhibitor FIG. 6 is a reciprocal plot showing factor J of the 
^h^iti h-^.t, 1f,-cn ^:1r:ntiftC''l hvt Vv'ho-'c voir "'^e.'jI^-tiTjp, C) , prrs'int !uvc:.)*ji/r. n^^'r*'' ■.•7: ;'^r«'" ivit;»h;:r)r. 
function in plasma is not clear is the Clq iuhibiior ^ ' HG. 7 is a graph plotting the dose response of factor 
(ClqINH). J of the present invention when titered. x axis, in the 

It is unportant to identify and isolate inhibitors of the hemolyric and CI complex formation assays, 
complement system because by isolating an inhibitor FIG. 8 is a graph showing the inability of factor J of 
one may be able to control the effects of diseases such as ^ the present invention to bind to the catalytic subunit of 
those stated above. The inhibitors may provide a basis CI as compared to CI Inhibitor, 
for pharmacologic intervention, either by allowing ma- FIG. 9 is a graph of the addition of comparable 
nipulation of the level of an inhibitor, or by providing a amounts of functional activity of ClqINH or factor J of 
model for the chemical synthesis of a new inhibitor. the present invention (x axis) plotted against the amount 

It is therefore an object of the present invention to 65 of bound complex *25ici that is precipitable. 
provide a method for the isolation of an inhibitor of CI FIG. 10 is a graph indicating the presence of the 
which is functionally and antigenically distinct from factor J antigen of the present invention in human 
known inhibitors of CI. serum. 
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FIG. 11 is a bar graph showing the antigenic differ- 
ence b etween CI Inhibitor and factor J of the present 

invention- 



wheii a linear gradient was applied of starting buffer 
made with 500 mM NaCl. 

Separate pool s^f fact or"^J^ere~rfiade from~t he~d rop- 
through and elutcd fractions, and these pools were kept 
5 separate over the subsequent purification steps, al- 
though subsequent studies indicated there was no de- 
tectable difTcrcncc in the factor J from the two pools. 
Each pool was loaded on a heparin-Sepharose column 
(5X15 cm) made from crude porcine heparin coupled 
10 by cyanogen bromide to Sepharose-4B available from 
Pharmacia LKB Biotechnology of Piscataway, N.J., 
and equilibrated in 25 mM NaCl. 50 mM Tris, pH 7.4. 
Factor J activity eluted between 18-20 mS during a 
linear gradient of starting buffer made with 1.5 M NaCl. 



DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention is based on the discovery of a 
new, functionally and aniigenically distinct inhibitor of 
CI complex association, factor J. A method is described 
for purifying and characterizing factor J. 

The preparation starts with a sample of body fluid, 
such as, but not limited to, urine and serum, which has 
been dialyzed. The dialyzate is filtered and loaded onto 
an anion exchange column which has been equilibrated 

with dialysis buffer containing salt. The drop through 15 Pools of fractions with factor J activity were concen- 

fractions are collected and pooled. trated and buffer exchanged by ultrafiltration using a 

The pooled fraction is diluted with the starting buffer cellulose 1000 Mr cut-off membrane, Spectra/Por type 

_ofjhejQAE^Sepyiadex_A^50 colu^^ onto C, available from Spectrum Medical Industries of Los 

the column. Factor J is collected in the drop through" AngelesrCA7into"th"e"starting"buf 

and early eluted fractions of the linear salt gradient. The 20 mM NaCI, 10 mM sodium phosphate, pH 7.8, 2 mM 

factor J fractions are pooled and loaded onto a heparin- EDTA, 0.01 % NaNa, 5 mM PMSF. The concentrated 

Sepharose affmity column. Factor J elutes between 18 pools were loaded onto a Mono Q HPLC column, HR 

and 20 mS during a linear salt gradient when the column 5/5, available from Pharmacia LKB Biotechnology of 

is equilibrated at pH 7.4 and NaCl provides the counter Piscataway, N.J., and the drop-through fractions 

ion. Pools of fractions with factor J are concentrated 25 pooled, concentrated, and buffer exchanged into the 

and the buffer exchanged for the starting buffer of the starling buffer for hydroxylapatite, 10 mM sodium 

Mono-Q column with inhibitors. phosphate, pH 7.4, 0.01 mM C&Ch as described above. 

The concentrated solution is loaded on the Mono Q The concentrated pools were loaded onto a HPHT 

column and the drop through fractions are pooled, hydroxylapatite HPLC column available from Bio-Rad 

concentrated and the buffer exchanged with phosphate 30 of Richmond, CA, and eluted with a linear gradient of 

staning buffer of the hydroxyhpatite column. The solu- 10-400 mM sodium phosphate pH 7.4, 10 urn CaCb. As 

tion is then loaded onto a hydroxylapatite column and seen in FIG. 1, absorbances at 220nm, 30, 254nm 31, and 

eluted with an increasing linear phosphate gradient. 280 nm 32 were measured simultaneously using a diode- 

Absorbances at 220; 250 and 280 are measured and the array spectrophotometer, Hewlett-Packard #1040A, 

final pools are made based on the UV absorbency and 35 available from Hewlett-Packard Analytical Instruments 



inhibitory activity. 

The following example is submitted to illustrate but 
not limit this invention. 

EXAMPLE 1 

Human urine was collected from normal donors in 
250ml polypropylene bottles containing stock amounts 
of the following inhibitors calculated to achieve the 
following final concentrations: 1 mM phenylmethyl- 
sufonyl fluoride (PMSF); 5 mM EDTA; 0.01% sodium 45 
azide (NaN3); 1 ug/ml leupeptin; 2 mM benzamidine- 
HCl, 1 ug/ml aprotinin. Upon collection of 250 ml of 
urine the bottle was frozen immediately at —70* C, To 
initiate the purification procedure the requisite number 



of Avondale, PA. Final pools were made based on UV 
absorbency, 30, 31, 32, and inhibitory activity, 33. 

The following characterization data represents spe- 
cific results of factor J purified according to example 1. 
40 The factor J isolated is a protein with the following 
properties. FIG. 2 is an autoradiograph of unreduced. 
Lane 42 and reduced, Lane 43, ^-^I -factor J, run on a 
3-20% slab SDS-PAGE gel. The major bands of factor 
J had a mobility of 18,400 M,-, 44, which did not change 
with reduction 45, Repeated analysis of factor J re- 
vealed a molecular weight which varied from 18,000, 
44, to 22,000, 45. This variation is inherent in this 
method. A second prominent band was at 200,000 M^ 
46. Molecular weight determination was based on the 



of bottles to provide 800-1000 ml urine were thawed, 50 ^^C labeled protein standards: myosin (200,000), phos- 



the urine adjusted to pH 7.4 with a saturated solution of 
Na2HP04, and dialyzed in 3,500 Mr cut-off tubing 
against 4 changes of 10 liters of 10 mM sodium phos- 
phate, pH 7.4, 2 mM EDTA, 0.01% NaNs. 0,5 mM 



phorylase b (92,500), bovine serum albumin (69,000) 
ovalbumin (46,000) carbonic anhydrase (30,000) and 
lysozyme (14,100). We believe the true molecular 
weight to be about 20,000 M^ because manipulations 



Ihe dialyzed urine was filtered through a 3 um pore 
polypropylene filter, available from Pall-Chisholm 
Company of Cranston, RI, and loaded onto a DEAE- 
Sephacel, available from Pharmacia LKB Biotechnol- 
ogy of Piscataway, N.J., column (5x50 cm) equili- 60 
brated in the dialysis buffer with 0.04 M NaCl added. 
The drop- through fractions were pooled and the pool 
diluted with 5 volumes of 5 mM Tris buffer, pH 9, and 
applied to a QAE-Sephadex A -50, available from Phar- 
macia LKB Biotechnology of Piscataway, N.J., column 65 
(5x 30 cm) equilibrated in 1 mM NaCl, 5 mM Tris, pH 
9. Factor J activity was about equally present in the 
drop-through fractions and in the early eluted fractions 



ing agents increased the relative amounts of the 200,000 
Mr and decreased the relative amount of the 20,000 Mr 
form. 

Isolated factor J has the capacity to agglutinate the 
erythrocytes of various species (human, rabbit, guinea 
pig and sheep erythrocytes have been tested, and all are 
positive). This agglutination becomes apparent after the 
factor J has passed through QAE-Sephadex. The agglu- 
tination titer and functional inhibitory titers are roughly 
parallel. The agglutination can be inhibited by commer- 
cial heparin. 

The amino acid composition of isolated human urine 
factor 5 revealed a relatively small amount of tyrosine, 
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about 8.7 residues per 1000, which is consistent with the specifically absorb the factor J, 1 1 1, as compared with 
poor reactivity of factor J in Folin Assaysrln additionr — -anti-5ra control,-! 12, -whereas the anti-Cl -I nhibitor_was 

UV spectra of purified factor j, FlG. 3, suggests a low able io specificaiiy absorb ^-H-Cl Inhibitor under the 

tryptophan value which is demonstrated by the minimal same conditions, 113. 

absorption of purified factor J at 280nm, 55. 5 Having above indicated a preferred embodiment of 
Results indicate that factor J is not an enzyme. Factor the present invention it will occur to those skilled in the 
J inhibition occurs rapidly as can be seen in FIG. 4, art that modifications and alternatives can be practiced 
Factor J reached maximum inhibitory potential within within the spirit and scope of the invention. It is accord- 
approximately five minutes, 61 . Inhibitory potential was ingly intended to define the scope of the invention only 
measured using a functional hemolytic assay. FIG. 5 10 as indicated in the following claims, 
shows that factor J activity {% inhibition) is not af- EXAMPLE 2 
fected by temperature. There was no significant change 

in activity at temperatures ranging from 4** C, 62, to 37' Approximately 100-200 ml of serum is collected and 

C. 65. FIG. 6 shows a reciprocal plot of the data which saturated to 15% (weight/weight) with polyethylene 

indicates that factor J inhibition is noncompetitive, 68. 15 glycol available from Sigma Chemical Co of St Louis, 

This suggests that the catalytic subunit and factor J are MO. The saturated solution is kept at 4" C. for 30 min- 

binding reversibly, randomly and independently at dif- utes and then centrifuged. The precipitate is collected 

ferenTsitesT^AccordinglS^^ and" the supematant is discarded: 

Clq directly or it could be binding to Clq once its is The precipitate is solubilized with pH 7.5 NaCl phos- 

bound to Clr2S2. 20 phate buffer and further diluted with water to adjust the 

Factor J did inhibit association of the CI complex as solution to a conductivity of about 4 mS. This adjusted 
measured by factor J's ability to inhibit the precipitation solution is loaded onto a DEAE-Sephacel, available 
of i25i.aq in the presence of CIr and Cls, FIG. 7. This from Pharmacia LKB Biotechnology of Piscataway, 
titration profile, 71. was very similar to that obtained N.J., column (5X50 cm). The non-absorbed material is 
when the dose response of factor J inhibition of CI 25 collected, pooled and adjusted to pH 9. The adjusted 
formation in the hemolytic assay, 72. Both assays were material is then applied to a QAE-Sephadex A-50, avail- 
measured over the same concentration range of poly- able from Pharmacia LKB Biotechnology of Piscata- 
peptide. The difference in the shape of the inhibition way, NJ., column (5x30 cm) equilibrated in I mM 
curves for I25i.ciq interaction with Clr2S2, 71, and the NaCl, 5 mM Tris, pH 9. The efiluent is collected, 
inhibition of CI hemolytic activity. 72, emphasizes that 30 pooled and adjusted to pH 7.2. 
factor J inhibits the Clq and Clr2S2 reaction in a satura- The adjusted eiriuent pool was loaded on a fteparin- 
ble manner consistent with direct binding to CI, Sepharose column (5 X 15 cm) made from crude porcine 
whereas the inhibition of CI hemolytic function follows heparin coupled bycyanogen bromide to Sepharose-4B, 
a sigmoidal 72 response consistent with the complex available from Pharmacia LKB Biotechnology of Pis- 
kinetics of erythrocyte lysis induced by diluted serum. 35 cataway, N.J., and equilibrated in 25 mM NaCl, 50mM 

Although factor J has been shown to inhibit Clq Tris, pH 7.4. Factor J activity eluted between 18-20 mS 

association with Clr2S2, the mechanisms for this inhibi- during a linear gradient of starting buffer made with 1.5 

tion are not the same as that of CI inhibitor or Clq inhib- M NaCl. Pools of fractions with factor J activity were 

itor. CI inhibitor acts by binding to both catalytic sub- concentrated and buffer exchanged by ultrafiltration 

units of CI, Clr and Cls. An assay measuring esterase 40 using a cellulose 100 Mr cut-off membrane, Spectra/Por 

activity of purified Cls, FIG. 8 compares factor J inhibi- type C, available from Spectrum Medical Industries of 

tion for Cls, 82, with inhibition of the CI inhibitor for Los Angeles, CA, into the starting buffer for the Mono 

Cls, 83. As seen in FIG. 8, Cls in the presence of factor Q column, 40 mM NaCl, 10 mM sodium phosphate, pH 

J, 82, or buffer alone, 81, show comparable amounts of 7.8, 2 mM EOTA, 0.01% NaNa. 5 mM PMSF. The 

esterase activity, whereas, the addition of CI Inhibitor 45 concentrated pools were loaded onto a Mono Q HPLC 

resulted in a significant decrease in CI esterase activity, column, HR 5/5, available from Pharmacia LKB Bi- 

83. Clq inhibitor acts by binding to Clq and thereby otechnolgy of Piscataway, NJ., and the drop-through 

preventing the catalytic subunits from binding to Clq. fractions pooled, concentrated, and buffer exchanged 

FIG. 9 demonstrates that factor J does not bind to Clq into the starting buffer for the hydroxylapatite column, 

under conditions in which the Clq Inhibitor could bind 50 10 mM sodium phosphate, pH 7.4, 0.01 mM CaCh* The 

Clq, Partially purified Clq inhibitor bound to and pre- concentrated pools were loaded onto a HPHT hydrox- 

cipitated ^^H-C\q, 101, whereas, purified factor J did ylapatite HPLC column available from Bio-Rad of 

not bind to ^^H-Ciq in the fluid phase to permit precipi- Richmond. CA, and eluted with a linear gradient of 

tauon o-rtbr- to7 10-400 nM sodinm phoEipbate pH 7./?., 10 vM C^CH 

Factor J can also inhibit the human alternative com- 55 Pools were made based on UV absoibeucy and inhiU- 

plement pathway in an assay utlizing sheep erythro- tory activity. This pool is then applied to a Vydac C4 

cytes bearing human C3b, and purified factor D, factor reverse phase column, available from Vydac of His- 

B, and peperidin. The process step in the alternative peria, CA, which has been equilibrated with 0.1% triflu- 

pathway where factor J inhibits is not yet known, oracetic acid (TFA) in water. The factor J is eluted in a 

Antigenic results indicate that factor J is present in 60 gradient made with the equilibration buffer and 95% 
human serum and it does not cross react with antigen acetonitrile in 5% water, 0.1% TFA. The elution rate is 
for CI Inhibitor. FIG. 10 shows that goat anti-human Iml/min and the factor J peak elutes at about 19 min in 
serum precipitates radiolabeled factor J, 121, above the a 30 minute run. The fractions are dried down and re- 
background level precipitated by normal goat serum, constituted in 0.1 M NH4HCO3 buffer for assaying. 
122. Goat anti-Clq, 123, did not cause any precipitation 65 In practice, factor J is isolated, purified and adminis- 
of radiolabeled factor J above background. In addition, tered in a therapeutic amount to inhibit the undesirable 
FIG. 11 demonstrates that factor J is not antigenically activation of the complement cascade system, 
related to CI Inhibitor. The anti-Cl Inhibitor did not What is claimed is: 
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1. A purified and isolated factor J with the following 
characteristics: 



a) elutes as a single peak from a hydroxylapatite col- 
umn with symmetrical U. V. absorbance at 220, 250 
and 280 nm; 

b) a tyrosine composition of about 8.7 residues per 
1000 residues; 

c) inhibits CI; 

d) does not inhibit Cls; 

e) dissociates intact CI; 

f) prevents Ci assembly form subcomponents; 

g) when subjected to sodium dodecy! sulfate-polya- 
~ crylamide gel elect rophoresisr migrates- to a region 

corresponding to a molecular weight between 



10 



18,000 and 22,000 Daltons, 
non-reduced; 



whether reduced or 



h) agglutinates the erythrocytes from several species 
of mammals including human, rabbit, guinea pig 
and sheep and this agglutination is inhibited by 
heparin; 

i) inhibits the alternative complement pathway; and 
j) is free of other known inhibitors of CI. 

2. The purified inhibitor of claim 1 wherein said in- 
hibitor, factor J, is derived from a body fluid. 

3. The purified inhibitor, factor J, of claim 2 wherein 
said body fluid is-urine. - - _ - 
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Summary 

Molecular definition of the cellular receptor for the 
collagen domain of 01 q has been elusive. We now re- 
port that 01 q binds specifically to human 0R1 (0D35), 
the leukocyte C3b/C4b receptor, and the receptor on 
erythrocytes for opsonized immune complexes. Bio- 
tinylated or radlolodinated 01 q (*01q) t>ound specifi- 
cally to transfected K562 cells expressing cell surface 
CR1 and to immobilized recombinant soluble CR1 
(rsCRI). *C1q binding to rsORI was completely inhib- 
ited by unlabeled 01 q and the collagen domain of 01 q 
and was partially inhibited by C3b dimers. Kinetic an- 
alysis in physiologic saline of the interaction of un- 
labeled Clq with immobilized rsCRI using surface 
piasmon resonance yielded an apparent equilibrium 
dissociation constant {K^ of 3.9 nM. Thus, CR1 Is a 
cellular 01 q receptor that recognizes all three comple- 
ment opsonins, namely, Clq, 03b, and 04b. 

Introduction 

Complement Clq is the 462 kDa recognition subunit 
of multimeric 01 , which when bound to a complement 
activating surface, causes the sequential activation of 
the enzymatic subunits of CI , CI r, and CI s. CI q avidly 
binds IgG and IgM in immune complexes and thereby 
"complements" acquired immunity by recruiting the 
classical complement pathway. In addition. Clq can 
directly bind DNA (Uwatoko et al., 1990), complexes of 
C-reactive protein (Jiang et al., 1991), serum amyloid P 
(Ying et al.. 1993), isolated myelin (Vanguri et al.. 1982), 
and urate crystals (Terkeltaub et al., 1983). as well as 
some gram-negative (Tenner et al., 1984) and gram- 
positive bacteria (Baker et al., 1 982). By directly binding 
foreign or abnormally expressed host molecules and 
activating the ciassical pathway, 01 q functions as part 
of the innate immune system. Whether activated by the 
acquired or innate immune syst m, the catalytic function 

li Present Address: Department of Biostati sties. School of Public 
Health. University of Michigan, Ann Artjor, Michigan 481 09. 



of 01 is tightly regulated by the 01 inhibitor, which c va- 
lently binds to the activated enzymatic subunits of 01 , 
01 r, and 01s and removes them from Clq. Clq, still 
bound to its immune complex or activating substanc 
via its globular domains, is now free to interact with 
cells bearing receptors for Its collagen-like domain. The 
collagen-like domain, or collagen tail. Is what remains 
of the Clq molecule after the six globular domains ar 
digested away by pepsin (Reid, 1976). The collagen tail 
consists of the six "stems" of 01 q. which come togeth r 
in the amino half of the constituent chains to form a 
single "stalk." 

Receptors for aggregated or Insolubitized Clq were 

— first"recognized-on-lymphocytes.(Dickler_et_al.,_1972) 

Subsequent studies identified monocytes, some PMN, 
and B lymphocytes as the predominant 01 q binding cell 
types in the peripheral blood (Tenner et al., 1 981 a). The 
molecular definition of the Clq receptor(s) has been 
difficult, which may be explained in part by different 
methods used to define different receptors on different 
cell types. Using 01 q affinity, Reid and coworkers identi- 
fied a 60 kDa protein (Malhotra et al., 1988, 1989) that 
is highly homologous, if not identical, to calreticulin (Mal- 
hotra et al., 1992; Stuart et al.. 1996). 

Initially using a purification procedure also based on 
Clq affinity, Ghebrehiwet and coworkers have described 
different forms of membrane-binding Clq molecules 
ranging from 1-2 x 1 0® (normal B lymphocytes) (Ghe- 
brehiwet et al.. 1982) to 70-80k M, (Raji cells) (Ghebrehi- 
wet et al., 1984; Ghebrehiwet. 1988). The Raji cell 01 qR 
had a domain with significant homology to a5/p1 and 
the vitronectin receptor, av/^S integrin (Ghebrehiwet t 
al., 1 992). More recently, this group has used antibodies 
against the 60k Mf 01 qR (Ghebrehiwet, 1988; Malhotra 
and Sim, 1989) and identified calreticulin on surface- 
labeled endothelial cells (Peerschke et al., 1993) and the 
T cell line M0LT4 (Chen et al., 1994). 

Tenner and coworkers investigated the phagocytosis- 
enhancing and superoxide-enhancing effects of C1 q on 
monocytes and granulocytes. They used a Clq affinity- 
purified fraction from U937 cells as an immunogen for 
making MAbs and then selected several MAbs that 
blocked Clq-enhanced phagocytosis by monocytes 
and found that the MAbs reacted with a 1 26k M, surface 
protein (Guan et al., 1991). Using degenerate probes 
based on amino acid sequence, they have identified a 
cDNA clone that directs expression of a protein with a 
predicted amino-terminal 0-type lectin domain, five 
EGF-like repeats, a single transmembrane domain, and 
a short cytoplasmic tail (Nepomuceno et al.. 1 997). The 
126k Mr protein is expressed on both monocytes and 
neutrophils (Guan et al., 1991). 

Results from our laboratory indicated that the regula- 
tion of Clq binding on human PMN was similar to the 
regulation of complement receptor type 1 (CR1 ) and type 
3 (CR3) expression. Biotlnylated Clq (Clq*^) binding 
and CR1 and CR3 expression were simultaneously up- 
regulated by FMLP, and microtubule stabilization with 
taxol inhibited the up-regulation of Clq*** binding and 
CR1 and CR3 expression (Jack et al., 1994). These find- 
ings suggested to us that the Clq receptor of PMN 
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Figure 1 . Ar»alysi3 of CR1 -Transfected K562 

_Cells 



(A) FACS anatysls of CR1 expression on 
transfected cells. Samples of cells trans- 
fected with the control plasmid pHyg (left 
panels) or the plasmid containing the cDNA 
encoding CR1 (right panels) were lncut>ated 
with class-spedfic control MAb then FITC-goat 
anti-mouse IgG (upper panels), or anti-CRI 
(Y2-1 ), followed by FITC-goat anti-mouse IgG 
(lower panels). The cells were subsequently 
fixed and analyzed by FACS. The K-Hyg cells 
(tower left) showed no positive staining for 
CR1. while the K-CRI cells (lower right) dis- 
played a broad histogram of positive staining. 

(B) Western blot analysis of NP-40 cell lysates 
of K-Hyg and K-CRI cells using rabbit anti- 
CRI and lodinated protein A as a probe. The 
K-CRI cells have a unique 200k M, band cor- 
responding to intact CR1: 

(C) Adherence of transfected K562 cells. 
K-CRI , but not K-Hyg, bound to C3b immobi- 
lized on plastic. Adherent cells were counted 
by microscopy. 

(D) SDS-PAGE analysis under reducing con- 
ditions of purified proteins (4 ^.g/tane) on a 
4%-20% slab gel. 



either was in the same intracellular storage vesicle as 
CR1 and CR3 or was identical to CR1 or CR3. The cata- 
lytic subunits of Cl, Cir, and CIs, which bind dcj 
(Lepow et ah, 1963), have compIenDdnt short consensus 
repeat (SCR) motifs (Joumet et al., 1986; Leytus et al.p 
1986; Tosi et al.. 1987) and therefore share homology 
with CR1 , which has 30 SCR In its extracellular domain 
(Klickstein et al., 1987). Thus, it was logical to assess if 
CI q could bind CR1. 

In this paper, we provide evidence, from two different 
equilibrium binding assays and a kinetic binding assay, 
that 01 q can indeed bind CR1. Clq has at least two 
binding sites for CR1, presumably involving some of Its 
six identical stems, v/here CI r and CI s also bind (Siegel 
et al., 1 983). These results indicate that CR1 , the recep- 
tor normally responsible for binding immune complexes 
and mediating their transport to the liver and spleen for 
clearance, can bind to any of the complement fragments 
that mark immune complexes for clearance, namely 
Clq, C3b, and C4b. 

Results 

Characterization of Transfected Cells 
The human erythroleukemia cell line K562 was trans- 
fected with the plasmid paABCD, which directs the ex- 
pression of the F allotype of human CR1 , together with 
the plasmid pBSHyg, which directs resistance to the 
antibiotic hygromycin (K-CRI). or with pBSHyg alone 
(K-Hyg). The K-CRI and the control K-Hyg transfectants 
were characterized for CR1 expression using control 
MAb and the anti-CR1 MAb YZ-1 . There was no Y2-1 
staining of the K-Hyg cells, compared with a control 
MAb (MFC of FITC-second antibody alone = 9.25; MFC 
of anti-CRI plus FITC-second antibody = 8.69) (Rgure 
1A, left panels). In the same analysis, K-CRI demon- 
strated a heterogenous pattern of positive staining com- 
pared with its control (Figure 1 A, right panels). Because 



the K-CRI cells were selected for cell surface expres- 
sion of CR1 by panning but the cells were not cloned, 
a heieroyeneous sxprsssion of CR1 was expected. The 
recombinant CR1 molecule was shown to be intact by 
immunoprecipitation and Westem blot analysis using 
polyclonal anti-CRI (Yoon et al., 1985) and iodinated 
protein A as a probe (Figure 1 B), The K-CRI bound to 
C3b immobilized on plastic, white K-Hyg did not bind 
(Figure 1 C). SDS-PAGE analysis of the purified proteins 
used in the experiments cc^firms their purity and ex- 
pected molecular structures (Figure 1C). 

Measurement of Clq Binding to Transfected Cells 
Transfected cells were incut>ated at 37°C for 30 min with 
increasing amounts of blotinylated CI q (CI q'^^) in Ca"^ 
and Mg *-free low ionic strength buffer, HBSS/2. Cells 
were subsequently incubated with FITC-avidin and ana- 
lyzed by FACS. A plot of the mean fluorescent channel 
(MFC) versus C1q"° input indicated specific binding of 
Clq'^ (Figure 2A). The binding was saturable and half 
maximal binding was seen at a Clq^** concentration of 
7.6 X 10"" M. The Clq binding assay was repeated 
using ^^^l-CI q. K-Hyg and K-CRI cells were incubated 
with increasing amounts of ^^l-C1q for 45 min at room 
temperature. A dose-dependent increase in ^^^l-Clq 
binding was observed (Figure 2B). However, it was not 
technically possible to reach saturation because the 
iodinated Clq aggregated at higher concentrations. A 
50-fold excess of unlabeled C1 q inhibited 82% (mean, 
n = 3) of 2.6 nM '"|.C1q binding. 

Clq Binding to CR1 Immobilized to Microtiter Wells 
To circumvent the problem of background CI q binding 
to other cell surface sites, a recombinant, soluble con- 
struct of the entire extracellular domain of CR1 (rsCR1) 
was immobilized in microtiter wells. Preliminary titration 
of rsCRI binding to the plate Indicated that 0.5-0.8 ^tg 
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Rgure 2. Labeled Clq Binding to Transfected Cells 

(A) CI q'^ Binding. After blocking nonspecific avidin and biotin bind- 
ing sites, samples of K-Hyg and K-CR1 (5x10* cells) were reacted 
with Increasing concentrations of 01 q*^ for 30 min at ZTC In low 
ionic strength buffer (HBSS/2; see Experin^ental Procedures for de- 
tails). The celts were subsequently reacted with RTC-avldin, fixed 
in 1 % paraformaldehyde, and analyzed by FAGS. The mean fluores- 
cent channel (MFC) of the single dominant peak was detemiined 
based on analyzing 20,000 cells. This experiment was repeated two 
other times with similar net positive binding of CI q'^ to K-CRl ceils 
as compared with K-Hyg. 

(B) '»I-C1q binding. Transfected K-Hyg and K-CRl celts, each at 
5 X 10°/ml, were incubated with increasing doses of '^-01 q (spe- 
cific activity: 1.1 x 10*/m^), diluted in low Ionic strength buffer 
{MBSSy2). After a 45 min incubation at room temperature* three 
replicate 0.1 mt samples were removed from each reaction mixture, 
layered onto oil» and centrifuged to pellet the cells. The cell pellet 
containing 5x10^ cells was cut off and counted. The means of 
triplicate values ^ SE are depfeted. At the highest Input of '''l-CI q 
(2.6 nM), a 50-fokl excess of unlabeled ligand inhibited specific 
binding by 82% C*). This experiment was repeated four times with 
similar results. 

of rsCR1/well provided optimal Clq binding. Clq bind- 
ing to cells was facilitated by low ionic strength, but 
C1q also aggregated at low ionic strength, which can 
make binding assays technically difficult. To identify an 
ionic strength closest to normal for the plate assay that 
would permit reproducible measurement of C1 q binding 
to immobilized rsCRI , we tested the ability of C1 q'^" to 
bind under various ionic strength conditions. Adequate 
binding was measured in 0.1 M NaCl (Rgure 3), thus 
subsequent plate binding studies were done in an equiv- 
alent low ionic strength buffer ("0.67 x PBS-Tween" = 
67% PBS. 33% dHOH, 0.05% Tween-20. 5.9 mSi at 0°C). 

The specific binding of '"l-C1q to immobilized rsCRl 
is shown in Figure 4A. Half maximal binding was ob- 
served at 0.5 nM of ^^\-C^ q. The total binding observed 
in this assay was approximately 30-fold lower than that 
in the cell binding assay (Figure 28) because of the 
higher ionic strength used in the plate assay. Binding 
of labeled CI q to immobilized rsCRI was inhibited by 




Molar [NaCt] 

Figure 3. Effect of Ionic Strength on 01 q"*'' Binding to Insolubilized 
rsCRI 

Recombinant sCRI (5 ^g/ml) was used to coat mtcrotiter wells. After 
washing and blocking, Clq^ (0.5 M,gAvell), diluted in the respective 
ionic strength buffer, was added for a 30 min incut>ation at room 
temjaeratureTThe wells were washed Sx with the respective buffer."^ 
Results represent the mean of duplicate values, while the bars depict 
the range of values. This experiment was repeated with a similar 
inverse relationship between ionic strength and Clef" t>indtng. 



native CI q (Figure 48). A concentration of 0.4 nM unla- 
beled Clq inhibited "^l-C1 q binding by 50%. The colla- 
gen "tail'* portion of CI q, which was obtained by pepsin 
digestion of C1 q, also competed with ^^l-C1 q for binding 
to immobilized rsCRI , which indicated that CR1 binds 
to the same collagen domain of the C1q molecule as 
does Clr asid CIs (Siege! and Schumaker, "SSSS). In 
two experiments, 50% inhibition of ^^l-C1 q binding was 
pi3served with about 10-1 5 nM of the collagen tails (data 
not shown). (C3b)2 also inhibited ^^\-C^q for binding to 
CR1, but less efficiently than Clq (Figure 4C). Because 
(C3b)2 is a well-described ligand for CR1 (Fearon. 1 980)» 
this affords additional specificity to the competition 
assays. 

Kinetic Measurement of C3b or Clq 
Binding to rsCRI 

To demonstrate that Clq could bind CR1 under physio- 
logic conditions and to avoid the deleterious effects 
of labeling procedures on the activity of Clq, surface 
plasmon resonance analysis of binding was perfonmed 
using a BIAcore instrument. This technique measures 
in real time the association and dissociation of unlabeled 
ligand to an immobilized receptor, or vice versa, by 
changes in the adjacent refractive index (Cul)en et al., 
1987). In a typical experiment, rsCRI was covalently 
coupled to a CM5 dextran chip and resulted in the net 
addition of 9052 resonance units (RU) to the chip. 

To confirm that the coupled rsCR1 was functionally 
intact and to establish the validity of this method for 
measuring the binding of complement fragments to CR1 , 
we assessed the ability of a known CR1 ligand, namely 
soluble (C3b)2, to bind to the coupled rsCRI . Specific 
binding of (C3b)2 to rsCRI was observed using five dif- 
ferent concentrations of (C3b)2 ranging from 8.3 nM to 
67 nM. Figure 5A illustrates the observed association 
and dissociation of (C3b)2. which was used to derive 
the association and dissociation rate constants. The 
association phase of the interaction was modeled as 
simple bimotecular binding, because the (C3b)2 tigand 
was employed at a concentration 20- to 60-foid below 
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Figure 4. Binding of ^^I-C1 q to Immobilized rsCR1 and Competition 
by Unlabeled Ligands 

Recombinant sCRI {8 tug/rn^ was immobiilzed In microtlter wells, 
and binding was perfomied in 0.67 x PBS-Tween buffer in the 
absence of added Ca* and Mg* as described In the Experimental 
Procedures. 

(A) Direct '^l-C1q binding to plated rsCRI . Results are the means ± 
SE« n = 4. This experiment was repeated with similar results. 

(B) Competition of '"I-C1 q binding by native CI q. "'I-C1 q (0.87 nM) 
binding to immobllrred rsCRI was measured in the presence of 
increasing concentrations of unlabeled C1 q in 0.1 M buffer. Means i 
SE, n = 3 are plotted. This experiment was repeated with similar 
results. Unlabeled Clq at 0.4 nM inhibited ^'H-Clq binding by 50%. 

(C) Competition of '''I-C1 q binding by (C3b),. "^I-CI q (0.87 nM) was 
added to wells containing immobilized rsCRI in the presence of 
increasing amounts of (C3b)j. Results are the means SE, n = 4. 



the value of the reported equilibrium dissociation con- 
stant (KJ of monomeric C3b for CR1 {Amaout et al., 
1981). Further, the sequential binding of two identical 
binding sites would not significantly change the ob- 
served association kinetics (Gertler et al., 199S). At the 
time the dissociation phase begins, the (C3b)2 may be 
bound monovalently or divaiently; thus, a curve-fitting 
model assuming parallel dissociation of two distinct 
complexes was employed. The association and dissoci- 
ation models closely fit the experimental data (not 
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Figure 5- Kinetic Binding Data; G3b Dimers Bind to CR1 , Document- 
ing That Immobilized rsCRI Is Functional 

(A) Plot of resonance units (RU) versus time illustrating the observed 
association and dissociation of (C3b)> The association was moni- 
tored from 0 to 300 sec, and the dissociation occurred during the 
Interval from 450 to 600 sec. 

(B) Data from (A) were used to plot Ks versus [(C3b)J. The slope of 
the least squares regression line (r^ - 0.977) corresponds to the 
apparent association rate constant. 



shown). Table 1 contains the observed rate constants, 
ka and k^, and the calculated equilibrium dissociation 
constant, Keq, which corresponds to the ligand concen- 
tration at which half of the receptors are occupied. The 
K«, for (C3b)2 binding to CR1 was calculated for the five 
(C3b)2 concentrations used and averaged 27.6 nM, with 
a range from 1 7.9 nM to 40.6 nM. An alternative analysis 
of the association kinetics, which does not assume a 
known Kj, yielded a K of 9.79 x 10* mol"* x sec-\ an 
apparent k^ of 1.7 x lO'^ sec"', and a calculated K«, of 
1 7.4 nM (Figure 5B). Using the more reliable average Ks2 
determined from the dissociation kinetics, 2.078 xlO'^ 
sec"* (Table 1), the calculated ^or (C3b)2 binding to 
CR1 is 21 .2 nM, in good agreement with th first method. 
These values are not significantly different from the pre- 
vious detemiinalion of 9.5 nM for a similarly prepared 
(C3b)2 (Amaout et al.. 1 981 ), thus validating our methods. 
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Table 1. Kinetic Data for (C3b}} Binding to Immobilized CR1 



[C3b],~nM~k7(SE) X10-' mol"' X sec-'— k^{SE) X 10» sec^^^k^(SE) — K^(SE) nM 



8.3 


5.5(1.8) 


65.8 (15.8) 


1.9(0.9) 


1.2(0.49) 


34(19.8) 


16.7 


6.0 (0.9) 


276 (11.1) 


2.4 (0.04) 


4.6 (0.71) 


40 (6.0) 


33.3 


10.5(0.3) 


261 (14.2) 


2.2 (0.05) 


2.5(0.15) 


21 (0.77) 


50.1 


8.3 (0.2) 


346 (46.6) 


2.1 (0.05) 


4.2 (0.57) 


25 (0.85) 


66.7 


9.9 (0.2) 


110(17.7) 


1.8(0.4) 


1.1 (0.18) 


18(4.0) 










)<: = 2.7 nM (1.06) 


Si = 27.6 nM (21.1) 



In a similar analysis using five different concentrations 
of unlabeled C1 q ranging from 6.5 to 52.2 nM, binding 
to CR1 was evident In normal ionic strength buffer (Fig- 
ure 6A). No C1q binding was observed to a parallel 
channel that was not derivatized, or to a channel that 
was derivatized with C1q, data that demonstrated the 
specificity.of-CI q.binding.to.rsCRI.in.this assay._Using 
the same kinetic models as used for (C3b)2 binding, a 
good fit to the experimental data was obtained. Analysis 
of the dissociation data for the more rapidly dissociating 
complex yielded an apparent that ranged from 0.019 
to 0.033 sec~^ among the five concentrations analyzed. 
The more slowly dissociating complex had an apparent 
kd that ranged from 0.84 x 10"^ to 2.09 x 10"^ sec-\ 




[C1q](nM) 

Figured. Kinetic Binding Data: Clq Binds to Immobilized rsCR1 

(A) Plot o* resonance units (RU) versus time illustrating the observed 
association and dissociation of 01 q in normal saline. The associa- 
tion was monitored from 0 to 1 20 sec, and the dissociation occurred 
during the interval from 1 20 to 250 sec. 

(B) Data from (A) were used to plot Ks versus [Clq]. The slope of 

the least squares regression line (r^ = 0.947) corresponds to the 
apparent association constant, determined without assuming 
knowledge of the dissociation rate constant. - ~ ~ ~ 



Using the latter dissociation constants in a simple asso- 
' ciation modelrthe apparent K ranged from 2.86 x 10* 
to 4.34 X 10* mol"^ x sec"' (Table 2). The calculated 
K«, for the slowly dissociating Clq-CRI complex aver- 
aged 3.9 nM, with a range from 2.27 nM to 5.17 nM. An 
altemative analysis of the association kinetics, which 

does.not assume.a.known.kd,.yieldeda.kaOf 4.34_X_10i 

mol"^ X sec"\ an apparent kd of 1.95 x 10"=* sec"', and 
a calculated Koq of 4.49 nM (Figure 6B). Using the more 
reliable average kd detemnined from the dissociation 
kinetics. 1.49 x 10"' sec"\ the calculated Keq for C1q 
binding to CR1 was 3.43 nM, in good agreement with 
the first method. The most likely interpretation of these 
data is that the slowly dissociating complex interacted 
with CR1 via more of the six identical stems of CI q than 
did the rapidly dissociating complex. Importantly, Clq 
has a higher apparent affinity for CR1 , under normal 
ionic conditions, than does (C3b)2. 

When Clq was directly immobilized to the chip by 
NHS/EDC chemistry, we were unable to detect rsCRI 
binding in isotonic buffer (data not shown). In retrospect, 
this was probably because the Cl q was dehatu^ 
ing the coupling reaction, which has been observed with 
other proteins (Gertler et al., 1996). However, when 
Clq*^ was immobilized to a streptavidin chip, It was 
possible to detect CR1 binding, but only at relatively 

nigri uunCBntrauuiiS ui rSoni (tob Hivi iu ohoU iiivi). i iw 
very rapid association and dissociation of rsCR1 to the 
immobilized CI q^^ precluded an accurate determination 
of the rate constants by the BIAcore technique (BIA 
Evaluation and BIA Simulation, Pharmacia). The most 
likely explanation for why CI q bound at high apparent 
affinity to immobilized CR1, while soluble CR1 bound 
poorly to immobilized Clq, is that Clq has a higher 
valency for CR1 than CR1 has for CI q. For example, 
Clq with its six identical stems may have six binding 
sites for CR1, while CR1 apparently has fewer sites for 
binding to CI q. 

Localization of a Binding Site in LHR-D for C1 q 
Using deletion mutations that previously had been em- 
ployed to define the binding sites for C4b and C3b 
(Klickstein et al., 1988). we found that ^^^i-CI q tails con- 
sistently bound to a fragment of rCRI containing the 
nine SCR closest to the membrane. This region includes 
the fourth LHR, LHR-D (SCR 22-28) (Figure 7). Because 
all of the constructs studied contained all or part of 
LHR-D, we could not exclude additional binding sites in 
LHR-A, -B, or -C. Computer-aided sequence alignment 
(Wisconsin Package, Version 8, Sept. 1994, Genetics 
Computer Group, 575 Science Drive, Madison, Wl 
" 53711) revealed that the SCR in ei r and CIS are most 
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Table 2. Kinetic Data for CI q Binding to Immobilized CR1 



[ClqlnM 


k. (SE) X 10 * 
mol"' X sec"* 


Kn (SE) X 10»sec-' 


kd,(SE) X lO'sec-' 


K«,t (SE) nM 


(SE) nM 


6.5 


3.7 (2.63) 


23.6 (4.8) 


0.84 (0.03) 


64 (47.3) 


2.3 (1.64) 


13.0 


2.7 (1.08) 


22.3 (3.4) 


1.24(0.04) 


83 (35.5) 


4.3 (1.73) 


26.0 


4.3 (0.57) 


23.7 (1.5) 


1.54(0.03) 


55 (8.1) 


3.6 (0.48) 


39.0 


4.3(0.13) 


19.1 (1.1) 


1.74(0.06) 


44 (2.9) 


4.0(0.18) 


52.0 


4.0 (0.285) 


32.7 (1.9) 


2.09 (0.04) 


82 (7.5) 


5.2 (0.38) 










X « 59 nM (60.2) 


X - 3.9 nM (2.47) 



homologous to SCR of LHR-D, which is consistent with 
LHR-D containing a CR1 binding domain for Clq. 

Discussion 

~CRr(CD35)"isasingle-chainrintegral membrane glyco- - 
protein that has been recognized as the major cellular 
receptor for C4b and C3b (Fearon, 1 980). The extracellu- 
lar domain of the protein is comprised of SCR, which 
are characteristic of C3/C4 binding proteins (reviewed 
in Hourcade et al., 1 989). The rsCRI used in these stud- 
ies is tnjncated after SCR 30. Groups of 7 SCRs in CR1 
are further organized into 4 long homologous repeats 
(LHR-A. -B, -C. and -D) (Klickstein et al., 1987). LHR-A 
contains a C4b binding site, and LHR-B and LHR-C each 
contain a binding site for C3b (Klickstein et al., 1 988; 
Krych et al., 1991), which also binds C4b, but at a lower 
affinity (Reilly et al., 1994). We have demonstrated 01 q 
binding to CR1 by three different means: (1) equilibrium 
binding of labeled CI q to CR1 -transfected K562 cells 
(Figures 2A and 2B); (2) equilibrium binding of labeled 
01 q (Figures 3 and 4) and labeled Clq tails (Figure 7) 
to plated rsCRI ; and (3) real-time binding of unlabeled 
CI q to immobilized rsCRI in normal saline (Figures 6A 
and 68). Although there are likely other Clq binding 




CR1 D 

Figure 7. Binding of ^'^•Cl q Collagen Tails to Immobilized Con- 
structs of cm 

Microtiter wells were coated with anti-LHR-0 (MAb 681, T Cell Sci- 
ences) at 3 ^g/ml and blocked with milk. NP-40 lysates of equal 
numbers of control, and transfected OHO cells were added to allow 
the MAb to capture the constructs. Lysates of nontransfected CHO 
cells were added to some wells to atlow determination of nonspecific 
binding. After washing wells, '^-01 q collagen tails (10 nM) were 
added for binding in 0.67 x PBS-Tween binding buffer (5.9 mSi), 
Results (mean z SE. n - 4) are the specific binding, which has been 
normalized to equal molar amounts of constructs (see Experimental 
Procedures). This experiment was repeated using binding buffers 
of 3.75» 4.44, and 579 mSi with sirnilar'resuils. 



sites on 0R1 , we consistently detected good binding 
of ^^l-collagen tails to a construct containing LHR-D 
(SOR-22-28) and the last two SCR of the extracellular 
domain, SCR 29 and 30. Interestingly, the region of CR1 
most homologous to the SCR of 01 r and CI s is LHR-D. 
Until now. there has been no binding function assigned 
to this region. 

The (C3b)2 partially inhibited binding of 01 q to immobi- 
lized CR1 . One possible explanation for the partial inhibi- 
tion is that the binding sites for the two ligands differ, 
but are close enough that (C3b)2 stericalty hinders Clq 
binding. Both (C3b)2 and Clq are large molecules, 
»360,000 and 462,000 daltons, respectively. A second 
possibility is that there is more than one binding site for 
01 q that accounts for the partial inhibition of 01 q bind- 
ing by (C3b)2. This would be consistent with our suspi- 
cion that there is an additional binding site for 01 q out- 

(03b)2 may affect the tertiary structure of CR1 in a way 
that inhibits 01 q binding. These three possibilities are 
not mutually exclusive. 

Derivatization of ligands always rislcs introducing arti- 
facts, and Clq Is especially sensitive to manipulation. 
It was reported recently that Clq"", along with other 
blotinylated proteins, failed to show any specific binding 
to cells (Storm et ai., 1996). We have found that in the 
case of Clq, its specific binding to PMN (Jack et al., 
1 994), 0R1 -transfected cells, and to plated 0R1 , and its 
residual hemolytic activity are adversely affected by high 
levels of biotinylation. However, with low levels of bio- 
tinylation, and also helped by the use of avidin/biotin 
blocking reagents (Vector Labs), Clq*** demonstrates 
specific binding to K-CR1 (Figure 2A). During the course 
of these experiments, we found that the hemolytic func- 
tion of Clq was more sensitive to biotinylation than the 
binding site forCRI. Biotinylating with NHS-biotin at 0.6 
^g/mt and 30 |xg/ml yielded two preparations of CI q^ 
with near normal binding to 0R1 , but with 23% and 90% 
losses in hemolytic activity, respectively. Radiolabeling 
01 q has also been shown to increase the dissociation 
constant of 01 r and CI s from Clq (Tseng et al., 1997). 
In our plate binding assay performed at 2/3 nomrial ionic 
strength (5.9 mSi), the 1/2 maximal binding of Clq (Fig- 
ure 4A) and 1/2 maximal inhibition by unlabeled Clq 
(Figure 4B) were about 0.5 nM. Surface plasmon reso- 
nance analysis, on the other hand, allowed the direct 
measurement of binding by nonderivatized Clq in nor- 
mal ionic strength buffer. The affinity values derived 
from the two methods are internally consistent, consid- 
ering that 01 q would be expected to have a lower bind- 
ing affinity in the plasmon resonance analysis because 
of the adverse effect of a higher salt concentration on ~ 
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binding to rsCRI (Figure 3). It is interesting to note that 
both CI raCI s^bihding and CRI" binding to Cl q occur in- 
the collag n domain (Figur 7) and both binding reac- 
tions are strongly inhibited by salt (Siegel and Schu- 
maker, 1983; Tseng et al., 1997). CR1. Clr. and CIs ail 
contain SCR units; therefore, we propose that there is 
a common binding site on the collagen stems of Clq 
for SCR-containing proteins. This hypothesis is sup- 
ported by the observation that when CIrzCISz is bound 
to C1 q, the C1q is unable to bind to CI qR-bearing ceils 
(Tenner et al., 1980). 

An intriguing question Is why CR1 was not identified 
as a Clq receptor previously. White this may have to 
do with the low density of CR1 expression on resting 
cells (Amaout et al., 1981; Fearon et al., 1983), the most 
likely explanation is that Insolubilized CI q is a poor affin- 
Ity ligand for CR1. If the Ki, for CRVbinding to immobi- 
lized Clq were in the range of 0.3-3 fiM, where binding 
was observed to immobilized C1 q***" in the BIAcore anal- 
ysis (data not shown), then the CR1 concentration in 
cell lysates would be far too low to detect specific bind- 
ing. The presence of detergent used to sotubilize cell 
membranes might further impair binding. The probable 
explanation for why CR1 binds poorly to immobilized 
CI q, while CI q binds at high apparent affinity to immobi- 
lized CR1 , is that C1 q has a higher valency for CR1 than 
CR1 has for C1q. For example, Clq with its six identical 
stems may have six binding sites for CR1 , while CR1 
has fewer sites for binding to Clq. Consisieni with this 
hypothesis, CR1 on the surface of cells is highly clus- 
tered (Petty et al.. 1980; Edberg et al., 1987; Paccaud 
et al., 1988, 1990; Chevalier et al., 1989), which would 
allow one molecule of CI q to interact with multiple CR1 
molecules. 

The role of CR1 with respect to other molecules pro- 
posed as CI q receptor will have to be defined. Calreticu- 
lin has been proposed as a C1 q receptor, but it is primar- 
ily found in the ER, where it acts as a Ca^^ -binding 
protein and as a chaperonin for nascent proteins. Per- 
haps as a consequence of this chaperone function, cal- 
reticulin is also found in the granule fraction of some 
celts (reviewed in Bleackley et al., 1995) and might be 
expressed on cells as a consequence of degranulation 
and the adsorption to plasma membrane (Eggleton et 
at., 1994). It is unclear how such adsorbed calreticutin 
could act as a receptor. Recent work indicates that cal- 
reticutin preferentially binds to the globular domain, as 
opposed to the collagen domain of Clq (Kishore et al., 
1 997). These data have not been reconciled writh the puta- 
tive role of calreticulin as the CI q receptor for the colla- 
gen domain. Antibodies to a recently cloned 126k Mr 
transmembrane protein block the Clq-stimulated phago- 
cytosis by monocytes (Guan et al., 1991; Nepomuceno 
et al., 1997). No binding of C1 q has been demonstrated 
to this novel 126k Mr protein; thus, it may participate as 
an element of a larger Clq receptor complex. If the 
cimino-terminal C-type lectin domain of this transmem- 
brane protein were responsible for binding Clq, one 
would expect that Clq binding to cells would be Ca^ 
dependent, which was not observed (Jack et al., 1994). 

Although CI q has many biological effects presumably 
mediated through cell surface receptors, (reviewed in 
Ghebrehiwet et al., 1993; T nner, 1993), there is little 



known about how CR1 might mediate transm mbrane 

signaling.-CRI participation in the cellular responses t 

Clq might require that other molecules be recruit d. 
There is precedence for CRT associating with other mol- 
ecules: CR1 is known to associate with CD21 in the 
membrane of B cells (Tuveson et al., 1991 ; Matsumoto 
et al., 1993), and when CR1 is cross-linked, it forms 
attachments to the cytoskeleton (Jack et al., 1986; 
Brown. 1989). Finally, CR1 may not be the only Clq 
receptor, since Clq reportedly does bind and activate 
some cells, e.g., endothelial cells (Zhang et al.. 1986; 
Lozada et al., 1995), which do not express detectable 
CR1 (Shawet al!, 1995). 

There are important biological implications for C1q/ 
CR1 binding. CR1 on erythrocytes is critical for the trans- 
port of immune complexes and their subsequent clear- 

ance.JThus, CR.1Jnhumansjpay_b^^ 

for clearing immune complexes opsonized by comple- 
ment, whether Clq and/or C3b/C4b. That Clq might 
participate in the clearance of immune complexes may 
explain several clinical observations. It is well recog- 
nized that deficiency of an early component of the classi- 
cal pathway predisposes to autoimmune diseases, typi- 
cally SLE (Lachmann, 1 984; Atkinson, 1 986). Only about 
half of the patients with homozygous C2 deficiency have 
lupus-like disease characterized primarily by cutaneous 
manifestations, and vital organ involvement is uncom- 
mon (Colten et al., 1992). In contrast, Clq deficiency is 
almost invariably associated with SLE (31/33 patients) 
(Petry et al., 1 997), and the disease is very severe, often 
including central nervous system pathology, glomerulo- 
nephritis, and the presence of autoantibodies (Bowness 
et al., 1 994). The clinical manifestations of homozygous 
C4 deficiency are intermediate in severity between those 
associated with C2 and CI q deficiency (Colten and Ro- 
sen, 1 992). Deficiency of C2 would result in defective 
opsonization by C3 only, while deficiency of C4 would 
result in defective opsonization by both C4 and C3. 
However, immune complexes might still be effectively 
opsonized by Clq. In Clq deficiency, however, neither 
Clq, C3b, nor C4b would effectively bind to immune 
complexes, and the complexes might then be deposited 
in vital organs such as the kidney rather than the normal 
targeting to liver and spleen for clearance (reviewed in 
Hebert, 1 991 ). An alternate hypothesis places the critical 
role of CI q in preventing autoimmune disease before the 
formation of immune complexes. In a recently published 
study, Clq has been shown to directly bind to the blebs 
of apoptotic keratinocytes (Kerb et al., 1997). Because 
these blebs are enriched in nuclear antigens recognized 
by autoantibodies in SLE, it is hypothesized that Clq is 
normally involved in the clearance/tolerance of these 
antigens. 

The mechanism underiying the severe autoimmune 
disease associated with C1q deficiency may be due to 
the inability to activate the classical pathway or the 
inability to recruit C1q receptor-bearing cells. Now that 
CR1 has been identified as a Clq receptor, it will be 
possible to address these altematives. 

Experimental Procedures 
Bu ft ers/Rea gents 

PBS used In microliter well assays: 0.15 M _NaCI, 0.05 M sodium/ 
potassium phosphate (pH 7.4). PBS used in plasmon resonarK:e 
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assays: 1 37 mM NaCI. 2.7 mM KCI. 4.3 mM NaaHPO«. 1 .4 mM KHjPO* 
(pH-7.3)r^e Glq binding buffer used wim transfected c^ 
•^HBSS/z" 1 voi K3SS without Ca" */f.1g* *:1 vol 5% g\\izozs-Q,2% 
gelatin solution). The Clq binding buffer used in the microtiter plate 
assay was 0.67 x PBS-Tween = 67% PBS. 33% dHOH, 0.05% 
Tween-20, 5.9 mSi at OX). The following reagents were purchased 
as noted: 1,3 diaminopropane (Sigma Chennical, St l/>uis, MO), 
dinonyl phthatate (Arcos, Geel, Belgiun>), dibutyl phthalate (Sigma). 
Recombinant soluble human CR1 (rsCR1) was kindiy provided by 
Drsw Una Ryan and Henry Marsh of T-Ceil Sciences, Needham. MA. 

Complement Clq and Collagen Tails of C1q 
Clq for biotinylation (as used in Rgure 2A) was isolated from human 
serum by a procedure using BioRex 70, as originally described 
(Tenner et al., 1981b) and modified (Jack at al., 1994). Each batch 
of Clq^ was tested for functional activity (Tenner et al., 1981b). 
Because of the propensity of the native Clq made by the BioRex 
method to aggregate, an alternative isolation method for Clq, utiliz- 
JngJractiona|_euglobu^ and gel permeation chroma- 

tography, was devised to prepare ClTfor ridi6iat)eting7lh 6Hef,~30' 
ml of fresh serum, 5 mM EDTA was dialyzed against a euglobulin 
precipitation buffer {20 mM morpholine ethane sulfonic actd, 5 mM 
benzamidine, 0.5 mM EDTA [pH 6.5]) in tubing for 16 hours at 4"C. 
The precipitate was collected by centrifugatkMi (8000 x g, 10 min), 
washed twice in 5 mM propanediamine, 0.05 mM EDTA (pH 8.8) 
(POE buffer) (Uberti et al., 1981), then dissolved in 1.4 ml of PDE 
buffer supplemented with 300 mM NaCt (PDE/NaCI), 0.5 mM PMSF. 
The mixture was centrtfuged at 10,000 x g for 5 mln to remove 
undissolved precipitate. The supernatant containing Clq was ali- 
quoted (0.45 mO to each of three microfuge tut>es. Cold water (1 
ml) was added to each tube, and after 10 mtn at 4*'C, the resulting 
precipitates were collected by centrifugation (10,000 x g, 5 min). 
The precipitates In each tube were dissolved in 75 |iJ of PDE/NaCt 
buffer, and then 85 ^ of 2 x PBS was added. Tnis material was 
recentrituged (1 5.000 x g, 5 min), and 1 50 ^.1 was applied to a T5K 
G4000SWxL column (Supeico, Bellefonte. PA) equilibrated in 2 x 
PBS. 0.5 mM EDTA at a flow rate of 0.5 ml per min. Clq eluted as 
a peak with a retention time of 18.6 min consistent with a MW of 
462 kOa), and the peak was collected by hand. Analysis of the Clq 
revealed the distinct a, b, and c chains k>y SDS-PAGE with silver 
staining. The specific activity of the Clq was 400 hemolytic units 
(2) per )ig of protein using the assay based on the BioRex drop 
through fraction of human serum (Tenner et al., 1981b). Protein 
was assayed by the micro BCA (bteinchoninic acid method; Pierce 
Chemicals, Rockville, IL), and CI q concentrations were calculated 
from a BSA standard curve. 

The collagen domain of Clq was prepared from a pepsin digest 
of Clq (Siegel and Schumaker, 1983) and purified by HPLC gel 
permeatton chromatography using the same TSK Gi4000SWxl, vide 
supra. Protein was quantified with the BCA assay, using BSA as a 
standard. 

Biotinylation of Clq 

In a typical biotinytatk>n reaction. 640 ^g of CI q was reacted with 
4.3 p.g of NHS-biotin (Pierce Chemicals, Rockville, IL) in 1 ml of 
PBS for 30 min at room temperature with intermittent agitation. The 
reaction was stopped by the addition of concentrated ethanotamine 
to give a final concentration 0.1 M. The reaction mixture containing 
C1 q^ was subsequently dialyzed against 1 20 mM KCL, 1 0 mM Tria/ 
HCI (pH 7.4) and the protein assayed. We were not able to determine 
tt>e final biotin:C1q ratio using the reagents provided with the bk>- 
tinylation kit, but it was necessary to bkitinylate "lightty" to avoid 
aggregation. Each batch of Clq'^ was tested for functional activity 
(Tenner et al., l9B1b). 

Radioiodinated Clq and Clq Collagen Tails 
Glucose oxidase (Sigma) and lactoperoxidase (Sigma) were sepa- 
ratety coupled to beads of cross-linked bis-acrylamide/azlactor>e 
copolymer beads (3M Emphaze; Pierce Chemicals, Rockville. IL) 
according to the manufacturer's instructions. For both enzymes, 
the coupling ratio was 1 mg of protein per hydrated equivalent of 
24 mg of, dried beads. The optimal ratio (1/4J of coupled glucose 
oxidase to coupled lactofseroxkiase was determined in a preliminary 



experiment by combining the beads in different ratios and measur- 
-tng the resultant enzymatic.activfty usinfl 0.1% D-g lucose in tetra- 
methytben^idine solution (lOrkegaard and Perry. Gaithersburg, MD) 
as the sut>strates. The development of blue color was followed 
spectrophotometrically. 

At the time of radiolabeling, glucose oxklase beads (3 fil of a 
slurry) and lactoperoxidase beads (1 2 m.1 of a slurry) were washed 
into PBS. Sodium-*^odine (3 ^.1, carrier free. 100 mCi/mt, New En- 
gland Nuclear, Boston, MA) was added to the bead pellet^ followed 
by 70 nl of C1q (400 jig/ml in 2 x PBS), 70 jil of dHOH, and 10 pJ 
of glucose solution (1 00 fig/ml PBS). The reaction proceeded for 
20 min at room temperature with intermittent shaking. The reaction 
supernatant was applied to a PD-10 gel filtration column (Phar- 
macia), which had t>een equilibrated in PBS, 0.1 % gelatin. The radio- 
lat}eled CI q was pooled and characterized. 98% of CPM of the '"I- 
Clq were precipitabla with 10% TCA. ^^I-C1q was quantified by a 
sandwich ELISA using anti-Clq MAb (Quidel, San Diego, CA) as the 
capture antit>ody and goat anti-human CI q (IncStar, Stillwater, MD) 
as the Indteator antibody. The reaction was developed with horse- 
. radish peroxklase::ConJugated.rabMtanti-gqaygG^(lncS^ 
ramethytbenzidine substrate. The color reaction was stopped tiy 
the addition of HjPO*. and the OD«5o was quantified using an ELISA 
ptate reader (Molecular Devices, Menlo Park, CA). C1 q of a known 
protein concentration was used as a standard. Multiple kits of CI q 
were lodlnated with specific activity ranging from 5 x 10'-1 x 10" 
CPM per fig of Clq as quantified by ELISA. and the functional 
activity was 400 hentolytic units (Z) per ^g. 

Collagen tails of Clq were radk>iodinated using lodoGen (Pierce 
Chemicals, Rockville, IL) to a specific acthrity of 2.4 x lO' cpm/^g 
of protein. 

Preparation of (C3b)3 

C3 purified from fresh human plasma by standard methods (Ham- 
mer. 1981, #248) was treated with trypsin to produce C3b (Fearon. 
1983, #638). The trypsin was inactivated by addition of diisopropyi- 
ftuorophosphate and the C3b purified by chromatography on Sepha- 
cryl S300 in PBS. The fractions containing C3b were pooled, concen- 
trated to 1.4 mg/ml (Centriprep. Amfcon. Bwerty, MA), and stored 
at 4°C for 3 weeks to allow formation of dimers via oxidatk>n of the 
free sulfhydryt group, as occurs in stored C3 (Amaout et al., 1981). 
(C3b)3 was separated from noonomerlc C3b by gel filtration on Seph- 
arose CL-2B in PBS (Pharmacia LKB Biotechnology. Piscataway. 
NJ). and the expected M, was confirmed by SDS-PAGE. Peak frac- 
tions were pooted, aliquoted, and stored at -60'C. 

Preparation of K562 Cells with Cell Surface CR1 
The plasmid pBSHyg, which directs the expression of hygromycin 
resistance, was prepared by ligation of the 2.0 kb Hindlll-Nrul frag- 
ment from REP3 (Groger et al., 1989) into the Hindlll-Hincll sites of 
Bluescript KS(-) (Stratagene, La Jolla. CA). The ptasmkl paABCD 
directs the expression of the F allotype of human CRI (Klickstein 
et al., 1988). K562 cells were electroporated (250 V, 960 mJ=) writh 
200 ng of pBSHyg linearized with Xmnl with or without 20 iig of 
paABCD linearized with Sfil. Traiwfectants were selected by culture 
in RPMI witti 20% PCS supplemented with hygromycin at 200 M.g/ 
ml for 2 weeks, then ti^nsf erred to RPMI with 10% FCS. K562 cells 
transfected with pBSHyg alone were termed K-Hyg, and those 
transfected with paABCD were termed K-CR1 . The K-CR1 cells were 
immu no panned (Wysocki et al., 1978) on immobilized anti-CRI MAb 
(Y2-1) (Changelian et al., 1985) to select a uniformly positive popula- 
tion of celts. The CRI expression on the control K-Hyg and K-CR1 
transfectants was assessed by YZ-1 and FACs analysis, vide infra. 
Once during the period of experimentation, the K-CRI transfectants 
were reselected by panning using YZ-1 to enhance CRI expression. 
Western blotting of transfected cells to detect CRI was performed 
as described (Yoon and Fearon, 1985). For the adhesion assay, 
(C3b)3 was adsort>ed to plastic wells in 50 mM Tris buffer (pH 9), 
and the plate was blocked with 1 % BSA. K562 ti^stectants were 
added and allowed to bind for 30 min at room temperature. After 
gentiy washing the plates, the adherent cells were enumerated using 
light microscopy. 

FACS Analysis 

A FACStar (Becton Dickinson, San Jose, CA) was used, and 10* cells 
were analyzed for each variable. Transfected cells were assessed for 
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CR1 expression using the murine MAb YZ-I and FITC-goat antl- 
mouse I flG fTag o-Biosource , Camarillo, CA). 



[pH 4.8] buffer x 50 ^ at a flow of 5 ^1/ min) was coupled to a 
CMS sensor chip (Pharmacia) using EDC and NHS according to the 



^^t-C1q Binding to Transfected Celts 

Binding was performed in a potypropytene mlcrofuge tut>e using 
"HBSS/a" (HBSS without Ca* ' and Mg"'), which was diluted with 
an equal volume of 5% glucose-0.2% gelatin solution. The total 
reaction volume of 0.33 or 0.44 nrti contained 5x10° cells/ml and 
Increasing amounts of ^»I-C1 q (specific activity: 1.1 x 1 0^ cpm/ jig). 
The binding reaction proceeded at room temperature for 45 min 
with regular agitation. Allquots (0.1 mO of the reaction mixture were 
removed and layered onto 300 ^.1 of an oil mixture (85% dtbutyl 
phthalate, 15% dinonyl phthalate) in mlcrofuge Xutoes (0.4 ml of 
polyethylene. #1404-1000, USA/Scientific Plaslics, OcaJa, fi). The 
tubes were spun for 2 min at 9000 X g (Mlcrofuge B, Beckman 
Instruments. Fullerton, CA). and the tips containing the cell pellets 
were ctjt off and counted in a gamma counter. 

C1q^ Binding to Transfected Cells 

Cells were first reacted with avidin/biotin trtocking reagents follow- 
ing the manufacturer's instructkxis (Vector Laboratories. Burl- 
Ingame, CA) for 10 min at room temperature. Subsequently, 5x10* 
cells were aliquoted to tubes and HBSS/2 buffer =: dilutions of CI q*** 
were added (final volume. 1 35 ^0 anci incubated for 30 min at 3rc. 
After appropriate washes. FITC-avkiin (Vector)KJIIuted 1/250 was 
added for 25 mIn at room temperature. All later wash and incubation 
steps were perfomied in the same HBSS/2 buffer. After a wash, 
the cells were fixed in 1 % paraformaldehyde/PBS and analyzed by 
FACS. 

Clq Binding to Insoiubilized rsCRI 

Microtrter wells (Immuion 1 Removawell strips. Dynatech L^bs. Alex- 
andria. VA) were treated with 0.1 ml of rsCR1 (5 or 8 jxg/ml. both 
saturating ccncantratioRs) diiutsd in coating isuffsr (0.01 m NQz CO,, 
0.04 M NaHCOa (pH 9.6) for 2 hours at 3rC or overnight at 4''C. 
For the CI q'^ binding studies, wells were blocked with SuperBlock 
(Pierce Chemicals. Rockville. It.), per the manufactures Instnic- 
tions. For t>inding studies using ^"l-C1q or ^^l-collagen tails, 
t>iocklng was done for 2 hr at 3rC with 3% nonfat dried milk (BioRad, 
Hercules, CA), 0.5% Tween-20 (Baker Chemical, Phitlipsburg, NJ) 
In PBS. 

Varying amounts of ^^1-C1 q in 0.67 x PBS-Tween binding buffer 
were incubated in the rsCRI -coated weils for45 min ai room temper- 
ature in the presence or absence of a competitive ligand. Total 
reaction volume was always 100 pJ. After the binding incubation, 
the wells were emptied by aspiration and then the plate was turned 
upside down and vigorously slapped five times against layers of 
filter paper. Subsequently, the weils were separated and individually 
counted In a gamma counter. 

Clq Binding to Insoiubilized Deletional Mutants of CR1 
Microliter wells were coated with MAb anti-LHR-D (3 ^g/m() (clone 
6B1. gift of Dr. Henry Marsh, T-Cell Sciences, Needham, MA) as 
described for CR1 above. Clone 6B1 binds an epitope within the 
region of SCR 26-30 (data not shown). Wells were blocked with 
dried milk as described above. NP-40 tysates of control CHO cells, 
or CHO cells that were transfected with either the full-length CR1 
(piABCD) or LHR-D (piO) (Klickstein et al., 1988) were added to the 
wells for 2 hr at room temperature to allow the immobilized anti- 
LHR-0 to capture the recombinant CR1 antigen. After washing the 
wells three times with binding buffer (vide supra), '«l-collagen tails 
(1 0 nM) in binding buffer were added for 45 min at room temperature. 
After two washes in binding buffer, the wells were separated and 
individually counted In a gamma counter. To nomnalize the binding 
data, compensation was made for the molar amount of LHR-D anti- 
gen in each lysate. A two-site capture radk>immunoassay was per- 
formed that used a polyclonal antibody to capture the antigen and 
MAb "*I-6B1 fordetectkm. 6B1 has a single epitope in CR1 (LHR-D), 
unlike most other anti-CRl MAbs. 

Btospecific Interaction Analysis 

Binding of native Clq to immobilized sCRI was analyzed using a 
BIAcore instrument (Pharmacia). sCRI (600 ^.g/rnl in 10 noM citrate 



manufacturer's instructions (Johnsson et al.. 1991). These condi- 
tions resulted in 8852-91 50 RU stably coupled in five separate im- 
mobilizations. Binding studies were performed in PBS at 25X using 
a flow rate of 5 pVmin. For analysts of (CSb)? binding, the immobilized 
rsCRI was regenerated for sut>sequent analysis by washing with 
0.1 M sodium citrate (pH 5.0). In Clq binding studies, the CR1 was 
regenerated tyy washing with 0.5 M NaCI. Data was arialyzed using 
BIAcore Incorporated software (BIA Evaluation and BIA Simulation. 
Pharniacia). 
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Autologous immune complex nephritis (Heymann nephritis) was actively induced in* rats by 
immunization with high (10 mg.) and low (1 mg.) doses of renal tubular epithelial antigen in 
complete Freund*8 a4juvant. The development of proteinuria and granular capillary wall deposition 
of IgG confirmed the previously well described membranous nepluropathy which characterizes this 
experimental disease. Circulating immune complexes were demonstrated by botii the fluid phase 
and solid phase Clq binding assays in both high and low dose experimental groups. The prevalence 
of such immune complexes was significantiy greater in the experimental than in the control groups 
immunized with adjuvant alone or liver homogenate in adjuvant. The circulating immune complexes 
bound to Clq were 16 to 23 S in size and were proven to contain a renal tubular antigen. These data, 
in combination with the previous demonstration of renal tubular antigen and its antibody in kidneys 
from rats with autologous immune complex nephritis, are consistent with a circulating immune 
complex pathogenesis of this model of the actively induced autologous immune complex nephritis 
in rats. 

~ Additional key words: Heymann nephritis, Renal tubular epithelial antigen. Membranous ne- 
phropathy. 



In 1959, Heymann and co-workers (12) first described 
an experimental model of membranous nephropathy 
which was induced by immunization of rats with homol- 
ogous kidney in adjuvant. The pathogenic mechanism 
was subsequentiy evaluated by Edgington, Glassock, and 
Dixon (6,8,10). They isolated an antigen, designated 
RTE-os, from the proximal renal tubule brush border 
which when given to rats in adjuvant produced the 
disease. Antibody reactive with the RTE antigen was 
demonstrated in the circulation (10) and immunoglobu- 
lin, complement, and RTE were demonstrated in subep- 
ithelial deposits in the glomerulus (6). Antibody eluted 
from the kidney was specific for the renal tubular antigen. 
Utilizing human RTE-cc& to induce the disease in rats and 
species-specific antibody to demonstrate its presence in 
tissue deposits, Edgington, Glassock and Dixon (7) dem- 
onstrated both immunizing antigen and autologous RTE 
antigen in the kidney. Based on these observations and 
the pattern of inununoglobulin deposits, an immune com- 
plex pathogenesis was proposed. It was suggested that 
the immunizing antigen initiated autoantibody produc- 
tion through termination of natural tolerance. Antibody 
binding to endogenously released antigen resulted in 
circulating immune complexes which deposited in the 
glomeruli and produced the glomerular lesion. The term 
autologous immune complex nephritis (AICN) was 
coined to describe these pathogenic events (6,8,10). 

The circulating inunune complex pathogenesis of 
AICN in rats was widely accepted until recentiy, when 



additional studies involving passive transfer of antibodies 
to RTE initiated controversy. Sugisaki and co-workers 
(23) demonstrated passive transfer of disease with ho- 
mologous IgG from animals with actively induced dis- 
ease. First Barabas, Nagi, and Laimigan (1) and later 
Feenstra et aL (9) were: able to induce a lesion similar to 
or identical with that produced by active immunization 
by injecting heterologous antiserum produced to FxlA, 
a crude preparation of the renal tubular epithelial anti- 
gen. Van Damme et aL (24) showed early fixation of 
heterologous antibody to presumed subepithelial glomer- 
ular antigens within 1 to 3 hours postinfiision. Couser et 
aL (5) showed early fixation of heterologous anti-FxlA 
antibody in the subepithelial space in the isolated per- 
fused rat kidney, thus eliminating the possibility of for- 
mation of circulating immime complexes. Based on these 
findings, Van Damme and colleagues (24) and Couser 
and co-workers (5) have proposed that the immunoglob- 
ulin deposits result from antibody binding to fixed glo- 
merular antigens. Demonstration of such specificity of 
the heterologous antibody produced to FxlA suggested 
the possibility of a similar mechanism in the actively 
induced model. The passively induced models are known 
as heterologous immune complex nephritis or passive 
Heymann nephritis. 

There were two reasons for embarking on the following 
investigation. An animal model of membranous nephrop- 
athy provided the opportunity to investigate the preva- 
lence and immunochemical characteristics of presumably 
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pathogenic immune complexes. Demonstration and char- 
acterization of immune complexes in AICN would help 
to~clarify the e ntroversy regarding the pathogenesis of- 
this animal model Th present study evaluates the in- 
cidence of circulating immune complexes (CIC) in rats 
with actively induced autologous immune complex or 
Heymann nephritis. Immune complexes are measured by 
both the fluid and solid phase Clq binding radioimmune 
assays. In addition, size characteristics and antigen com- 
position of the detected immune complex are presented. 

MATERIALS AND METHODS 



Antigens 

Kidneys and livers were removed from 20 normal 
Sprague-Dawley rats (Microbiological Associates, Be- 
thesda, Maryland) and washed free of blood with cold 
"isotonic^ saline: Kidney~cortex-was-minced-and-renal- 
tubular epithelial antigen was prepared as fraction lA 
(FxIA) by the method of Edgington, Glassock and Dixon 
(7). The FxIA was lyophilized and stored at -70° C. 
Liver was minced, suspended in two volumes of cold 
isotonic saline, and homogenized for 2 minutes at full 
speed in a Sorvall Omuimixer. The homogenate was 
sedimented and washed three times with distilled water 
by centrifugation each time (27,000 X ^ at 4° C. for 30 
minutes). The liver homogenate was lyophilized and 
stored at —70° C. Bovine serum albumin (BSA) was 
purchased from Miles Laboratories Inc. (Elkhart, Indi- 
ana). 

Experimental Groups 

Immunizations. Male Lewis rats weighing 200 to 250 
gm. were used exclusively (Microbiological Associates, 
Bethesda, Maryland). Antigens were suspended in com- 
plete Freund's adjuvant (CFA) containing 4 mg. of my- 
cobacterium tuberculosis (Difco Laboratories, Detroit, 
Michigan, H37 RA) per milliliter of adjuvant Each ani- 
mal was immunized once with 0.25 mL of material divided 
equally between the hind footpads. Animals were divided 
into six groups of 10 animals each. Each animal in group 
1 received 10 mg. of FxIA, group 2 received I mg. of 
FxIA, groups 3 and 4 received adjuvant only, group 5 
received 10 mg. of liver homogenate, and group 6 received 
10 mg. of BSA. 

Experimental Procedures 

The following determinations were made in all animals: 
Prior to inununization and at weekly intervals thereafter 
until sacrifice at 14 weeks, animals were housed for 24 
hours in metabolic cages without food, but water was 
provided ad libitum. Twenty-four hour-urine collections 
were analyzed for protein by the method of Kingsbury 
and Clark (13). 

Approximately 1.5 ml. of blood was collected weekly 
from the tail vein of each rat. Serum was isolated by 
centrifugation at room temperature (1200 r.p.m., 10 min- 
utes) and stored at -70*^ C. Antibody determinations 
were perf rmed n aU sera. Circulating antibody to renal 
tubular epithelial antigen (RTE) was determined by in- 
direct immun fluorescence using cryostat sections fn r- 
mal Lewis kidney and flu rescein-c njugated rabbit anti- 



rat IgG (Cappel Laboratories, Inc., Cochranville, Penn- 
sylvania). Antibody was determined by serial 2-fold di- 
lutions of serum, and the titer was defined as the highest 
dilution which exhibited positive fluorescent staining of 
the proximal tubular brush border. Circulating antibody 
to liver antigen was searched for by indirect immunofluo- 
rescence using cryostat sections of normal Lewis liver. 
Antibody to BSA was detected by double-difiusion in 
agarose gel and semiquantitated from 0 to 4 plus. 

ClQ Binding Assays 

Samples selected for determination on any given assay 
day were chosen at random from the stored samples. 
Twenty per cent of all samples were randomly selected 
for assay on more than one assay day. With rare excep- 
tions due to insufficient quantity, all samples were ana- 
lyzed in duplicate in both assays. 



Reagents 

Clq was isolated from normal fr^sh human serum by 
the method of Yonemasu and Stroud (30). Protein con- 
centration of Clq was determined by the method of 
Lowry et aL (15) using a human protein standard (Dade, 
Miami, Florida). Clq was stored at -70° C. prior to use. 
Aggregated rat y-globulin (ARC) was prepared by heat- 
ing 5 ml. of a 2 per cent solution of rat IgG (Miles 
Laboratories, Inc., Elkhart, Indiana) in phosphate- 
buffered saline (PBS) at 63"" C. for 30 minutes. The 
preparation was cooled to room temperature and insol- 
uble aggregates were removed by centrifugation at 5000 
X at C. for 30 minutes. Monomeric IgG was not 
removed from the solution; thus, the total protein con- 
centration of the preparation represents both aggregated 
and monomeric IgG. The ARG preparation was diquoted 
and stored at -70° C. The same preparation of ARG was 
used throughout the study. Protein concentration was 
determined by the biuret method (2€), using a human 
protein standard. Rabbit-and/at IgG was produced by 
hyperimmunization of New Zealand White rabbits with 
rat IgG (Miles Laboratories, Inc., Elkhart, Indiana) in 
CFA. Antiserum was tested for specificity by Immunoe- 
lectrophoresis. Rabbit y-globulin was precipitated with 
50 per cent saturated ammonium sulfate, resuspended in 
PBS, and stored at —70** C. prior to use. IgG concentra- 
tion was estimated from optical density measurements at 
280 nm. EiL = 14.6. 

Proteins (Clq and rabbit antirat IgG) were radioiodi- 
nated with I'^ by the chloramine-T method of Mc- 
Conahey and ENxon (17) and stored at -70° C. in 1 per 
cent BSA-PBS. Trichloroacetic acid-precipitable ac- 
counts were >95 per cent of the total. Gelatin (Difco 
Laboratories, Detroit, Michigan) at a concentration of 
0.1 per cent was substituted for BSA in all solutions used 
for CIC determinations on the sera of rats from group 6 
which had been immunized with BSA. 

Fluid Phase CIq Binding Assay (FCIq) 

This assay was modified from the method of Nydegger 
et al (19). Test serum (200 /d.) was added to 100 4- of 
Ver nal-buffered saline (VBS) and heated at 56° C. for 
30 minutes and then cooled to room temperature. ^^I- 
Clq (0.5 /ig.) in 100 pi, of 1 per cent BSA- VBS (O.I per 
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cent gelatin- VBS for group 6 samples) which had been 
centi^ged at 7800 x ^ at 4** C. for 30 minutes just prior 
to use was added to the reaction niixture.and.incubated, 
at 37^ C. for 30 minutes. The immune complex material 
was twice precipitated with 2.5 per cent polyethylene 
glycol (PEG) (molecular weight 6000, JT Baker Chemi- 
csit Phillipsburg, New Jersey) at 4° C. The precipitate 
was isolated by centrifiigation (1500 x g, 4"" C., 30 min- 
utes), and the radioactivity counted in an automatic 
Beckman 7000 gamma counter. Serial dilutions of ARG 
from iO to 5000 fig. per mL in VBS added to an aliquot of 
a normal Lewis-Sprague-Dawley rat serum pool were 
assayed as above and used to generate a standard curve. 
The means of duplicate determinations of test sera were 
calculated as a per cent of maximal ARG binding and 
expressed as micrograms per milliliter of ARG equiva- 
lents. The FClq assay detected as little as 30 to 50 iig, 
~per nUrof-AR6 in normal rat serum.-The intraassay and- 
interassay coefficients of variation were 3.56 per cent and 
8.08 per cent, respectively. 

Solid Phase CIq Binding Assay (SCIq) 

This assay was modified from the method of Hay, 
Nineham, and Roitt (11). Each 12-by 75-mm. polystyrene 
tube (Falcon, Oxnard, California) was incubated at 4° C. 
for 20 hours with 1 ml. of a 5-/ig. per ml. PBS solution of 
freshly isolated human Clq. The tubes were washed vnth 
PBS, incubated for 2 hours at room temperature with 1.5 
mL of 1 per cent BSA-PBS (or gelatin-PBS for group 6 
samples), washed again with PBS, and stored at -70° C. 
Fifty microliters of test serum were added to 100 /d. of 
0.2 M ethylenediaminetetraacetic acid (EDTA), pH 7.4, 
and incubated at 37° C. for 30 minutes. Sixty microliters 
of this solution were added to 940 /xl. of PBS into a Clq- 
coated tube and incubated at 37°C. for 1 hour and at 4° 
C. for 20 hours, and then washed three times with PBS, 
rabbit-antirat IgG (3.6 /ig.) in 1 ml of 1 per cent BSA- 
PBS (or 0.1 per cent gelatin-PBS for group 6 samples) 
was added into the tube and incubated at 37° C. for 1 
hour and at 4° C. for 30 minutes and washed three times 
with PBS and counted in an automatic gamma counter. 
ARG in serial dilutions from 1 to 750 /ig. per ml. sus- 
pended in an aliquot of a normal rat serum pool was 
assayed as above to produce a standard curve. The means 
of duplicates of test sera were calculated as a per cent of 
maximal ARG binding and expressed as /ig. per ml. of 
ARG equivalents. The SClq assay detected as little as 1 
to 5 /ig. per ml. of ARG in normal rat serum. The 
intraassay and interassay coefficients of variation were 
2.28 per cent and 5.16 per cent, respectively. 

Histologic Evaluation 

Renal cortex obtained at sacrifice was fixed in alcoholic 
Bouin's solution for light microscopy. Paraffin sections 
(2 fiin. thick) were stained with hematoxlyn and eosin, 
Masson's trichrome, and Jones silver-methenamine 
stains. Renal tissue in isopentane was snap-frozen with 
liquid nitrogen for immunofluorescence. Cryostat sec- 
tions (2 itm.) were incubated with fluorescein-coiyugated 
rabbit-antirat IgG (Cappel Laboratories, CochranviUe, 
Pennsylvania), washed, and examined with a Leitz trans- 
missi n immunofluorescence microscope. 



Evaluation of Polyethylene Glycol (PEG) 
Precipitates 

— Grarfie/i/-t/Z^racen^ri/iE/^o/ion.-The-size of-Glq-reac- 
tive material was analysed by ultracentrifugation on a 
linear 10 to 40 per cent sucrose gradient. Two-hundred 
microliters of test serum in 100 /il. of VBS were heated at 
56° C. for 30 minutes. One-hundred nanograms of 
Clq in 100 /d- of 1 per cent BSA-VBS (or gelatin- VBS) 
prepared as for the FClq assay, were added to the 
reaction mixture and incubated at 37° C. for 30 minutes. 
Three-hundred-fifty microliters were layered on the su- 
crose gradient in 13-ml. capacity tubes and centrifiiged 
in a SW-40TI rotor at 38,000 f.p.m. (180,000 x g) for 20 
hours. Three drop fractions were collected and counted 
for radioactivity in an automatic gamma counter. Sedi- 
mentation markers included I'^' -labeled BSA and human 
thyroglobulin. Each fraction was then studied by double 
immunodiffusion utilizing rabbit antirat IgG to determine 
those fractions which contained rat IgG. Twelve experi- 
mental samples, two samples of normal rat serum, and* 
two samples of normal rat serum containing ARG were 
analyzed as above. The experimental samples including 
six samples from group 1 and three samples from group 
3 that were positive in one of the immune complex assays 
and two samples from group 1 and one sample from 
group 3 that had no detectable immune complexes. 

Evaluation of Anti-RTE Antibody. PEG precipitates 
were prepared as above for the FClq assay, redissolved 
in 100 /d. of PBS, and analyzed for binding to proximal 
tubular brush border by indirect immunofluorescenc . 
Eight samples from groups 1 and 2 and four samples from 
group 3 and 4 were tested. Antibody titer relative to IgG 
concentration was not determined. 

Evaluation of RTE Antigen. The polyethylene glycol 
(PEG) precipitate of a FClq positive, day 70 serum from 
an experimental animal (immunized with FxlA), and one 
from a control animal (immunized with CFA only) were 
redissolved in 100 /d. of PBS and suspended in CFA. Two 
New Zealand White rabbits were given a primary im- 
munization with the PEG precipitate preparations fol- 
lowed by a booster ii\jection 14 days later. Antisera were 
collected at 10 days after the primary injection and at 7 
days after the booster injection. Rabbit antibody binding 
to renal tubular epithelium was evaluated by indirect 
immunofluorescence with in vitro complement fixation 
(21) utilizing fresh normal human serum as a complement 
source. The sections were stained with fluorescein-con- 
jugated goat-antihuman C3 (Meloy Laboratories, Spring- 
field, Virginia), and the pattern of fluorescence was ob- 
served. Controls included direct fluorescence with the 
conjugated antihuman-C3; and indirect immunofluores- 
cence with normal human serum, normal rabbit serum, 
normal rat serum, and rabbit antisera which had been 
absorbed with normal rat serum, rat liver homogenate, 
rat FxlA, and rat glomerular basement membrane (pre- 
pared by the method of Schoenfeld and Glassock (21)). 
A normal human serum sample that failed to show any 
binding to rat proximal tubule was selected, and the same 
human serum sample was used throughout the above 
described procedure. 

In addition to the abov , PEG precipitates bom 200 
/d. of FClq-positive samples from three group 1, two 
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group 2, three group 3, and two group 4 samples were 
prepared as described ab ve. Each PEG precipitate was 
redissolved in 100 ^. of PBS, suspended in CPA to a total 
volume of 0.25 ml., and injected into the hind footpads of 
male I^wis ratsrBlood was coUected ftt)m the tail 
for anti-RTE antibody testing by indirect immunofluo- 
rescence at 3, 4, and 8 weeks after immunization. Unilat- 
eral nephrectomy was performed on each animal at 4 and 
8 weeks after immunization. Cryostat sections were pre- 
pared for immunofluorescence observation as described 
above. 

Statistical Analysis 

The prevalence of-senim positivity for Clq-reactive 
materisd in the experimental groups was compared to the 
control groups by analysis. The frequency of positivity 
for Clq-reactive material per animal in the experimental 
group was compared to the control groups by Student's 
^^=test..Each.animal.was.assigned a frequency.of positivity— 
sc re based on the number of times each animal had 
detectable Clq-reactive material by one or both assay 
techniques. Correlation between assay techniques was 
analyzed by the test. 

RESULTS 

Documentation of Experimental 
Glomerulonephritis 

Proteinuria. The mean value ± 2 standard deviation 
(SD) for protein excretion of all animals prior to immu- 
■uZ-a-t'On WHS 2i97 ili 2*72 mg. per 24 housB. Thus, a 24- 
hour protein excretion of >5.70 mg. was considered ab- 
normal. All animals ^in groups 1 and 2 had developed 
abnormal protein excretion by day 35. No animal in 
groups 3, 4, 5, or 6 developed abnormal protein excretion. 

Histology, By immunofluorescence observation all an- 
imals in groups 1 and 2 had granular deposits of rat IgG 
along the glomerular capillary wall (Fig. 1). Those ani- 
mala with more pronounced IgG deposition also showed 
"spike" formation of basement membrane by the Jones 
stain and subepithelial protein deposits by trichrome 
stain of sections prepared for light microscopic exami- 
nation. No animal in groups 3, 4, 5, or 6 had IgG deposits 
by immunofluorescence or abnormalities by light micros- 
copy. 

Free Antibody Determination. Sera (130, 10 preim- 
munization and 120 postimmunization) were analyzed for 
each group of animals. All animals in groups 1 and 2 and 
no animals in groups 3, 4, 5, or 6 produced antibody 
which bound to the proximal tubular brush border as 
evidenced by indirect immimofluorescence. The circulat- 
ing antibody produced by animals in groups 1 and 2 
reacted with the proximal tubular brush border only and 
n t glomeruli at all dilutions studied (Fig. 2). In most 
animals circulating antibody to RTE was first detectable 
at day 7, peak titers (usuaUy 1:256) occurred at days 49 
to 63 and subsequently slowly declined. Antibody reac- 
tive with renal tubular and glomerular cell nuclei was 
observed in zero of 130 sera from group 1, zero f 130 
from gr up 2, seven f 130 sera from group 3, zero of 130 
from group 4, 11 f 130 from group 5, and zero f 130 
from group 6. N ne were present in a titer f greater than 




Fig. 1. Immunofluorescence photomicrograph utilizing fluoiescein- 
coi\jugated rabbit antirat IgG on a cryostat section of a Group I kidney 
demonstrating granular deposition of rat IgG along the glomerular 
capillary wall. X500. 




Fig. 2. Indirect immunofluorescent migrograph with senun firom a 
Group I animal on a normal rat kidney section, stained with fluorescein- 
conjugated rabbit antirat IgG. Positive fluorescence of the brush border 
of the proximal renal tubule and negative glomeruli x312. 



1:4. There was no correlation between the presence of 
Clq-reactive material and circulating antibody reactive 
with nuclear materiaL All animals in group 6 made anti- 
body to BSA. Low levels of free antibody were detectable 
14 days postimmunization with BSA, peaked days 56 to 
70, and slowly decreased thereafter. No animal in group 
5 produced antibody reactive with liver antigens that 
were detectable by indirect inununofluorescence. 

Demonstration of CIq Binding Material 

Preimmunization Sera. Preimmunization sera fxom GO 
male Lewis rats were analyzed by both the FClq and 
SClq assays. The upper limit of normal for each assay 
was arbitrarily established as 3 SD above the mean value 
for all preimmunization sera. The mean value +3 SD 
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(8.48 + 12.0 per c nt) f r the FClq assay was 20.5 per 
cent of maximal ^^I-Clq bound. This c rresp nded to 
the activity generated by 100 /ig. per mL f ARG. The 
mean valir~+3 SD (32;8~+~10:7 per c ntrfdFthe"SClq^ 
assay was 53.2 per c nt of maximal ^^I anti-IgG bound. 
This corresponded to the activity generated by 11 /ig. per 
ml. of ARG. Utilizing these limits <5 per cent (zero of 
60) of preimmunization sera were abnormal 

PrevcUence of Clq-Reactive Material The results of 
the FClq and SClq assays for each animal group are 
shown in Table 1. There was no difference between 
groups in the number of animals that had at least one 
sample positive by either assay. Clq-reactive material 
was more common in samples from group 1 animals than 
samples from group 3 animals: FClq (X^ » 3.95, p < 
0.05). SClq (X^ = 6.26, p < 0.025), and either or both 
assays (X^ => 10.33, p < 0.005). Clq-reactive material was 
also mo re comm o n in sam ples from group 2 janimals than__ 
samples from group 4 animals: FClq (X^ = 12.73, p < 
0.005), SClq (X'' = 17.42, p < 0.005), and either or both 
assays (X^ « 33.86, p < 0.005). Clq-reactive material was 
more frequent in animals from group 1 than animals from 
group 3: FClq (t = 2.54, p < 0.025), either or both assays 
a ~ 2.40, p < 0.025) and was more frequent in animab 
from group 2 than animals from group 4: FClq (^ = 3.09, 
p < 0.005), SClq it - 3.58, p < 0.005). either or both 
assays (i 5.05, p < 0.005). There were no significant 
differences in Clq-reactive material between animals 
from groups 3, 4, and 5. One hundred of 120 samples 6Y>m 
animals in group 6 had Clq-reactive materiel by one or 
both assays. Thus, immunization with BSA, subsequent 
demonstration of antibody to BSA, and positive Clq 
binding assays provided a positive control for the sero- 
logic tests. There was a wide range in the binding activity 
by both assays in all groups (Figs. 3a and 6). Although 
all animals in groups 1 and 2 had Clq-reactive material 
present in at least one sample (mean frequency per 
animal in group i = 4.9; group 2 » 6.4), the level of 
reactivity fluctuated in time throughout the study period. 
There was no correlation between results in the FClq 
and SClq assays, although some samples were positive 



in both assays. In animals from groups 1 and 2, free 
antibody was detectable 7 to 14 days postimmunization 
and persist ed throughout the stud y period. CIC w ere 
detectable in some animals as early as 7 days postim- 
mimization and were detected through ut the entire 
study period. Other investigators (10) have demonstrated 
that glomerular IgG deposition is demonstrable 3 to 4 
weeks postimmunization and gradually accumulates 
thereafter. Thus, the time course of serologic results is 
consistent with the glomerular findings, but it does not 
favor a given pathogenic mechanism. 

Characterization of.CIq-Reactive Material 

Size. Sucrose gradient ultracentrifiigation revealed 
that normal rat serum demonstrated only the 11.2 S peak 
of monomeric Clq. By double immunodiffusion IgG was 
only present in the 7 S firactions. Normal rat serum that 
jcontamed„ARG_demonstr^ 

peak ranging firom 14 S to 25 S. Rat IgG was also 
demonstrated in those fractions. The two samples from 
group 1 and one sample from group 3 with negative Clq 
binding assay results, and the three samples from group 
3 with positive Clq binding results had sucrose gradient 
patterns indistingidshable firom normal rat serum (Fig. 
44). The six samples from group 1 (four FClq-positive 
and two SClq-positive) demonstrated heavy secQmendng 
*^I-Clq of >14 S with a 19 to 20 S peak. The heavy 
sedimenting peaks also contained rat IgG. Representa- 
tive patterns are shown in Figure 4C and D, Serum 
positive in the FClq assay (binding activity, S8.5 per 
cent) from a group 6 animal 21 days postimmunization 
had a siinilar pattern (Fig. 4B). The demonstrated peaks 
represent the sedimentation coefficients of the material 
that has incorporated Clq into the macromolecular com- 
plex. It does not necessarily reflect the exact molecular 
weight of the material in vivo. 

Oemgnstration of An i'i-RTE Antibody in CIq- 
Reactive Material 

Seven of eight PEG precipitates from samples firom 
group 1 and group 2 animals demonstrated binding to th 



Table 1. Sub<mary of Fluid and Solid Phase CIq Binding Assay Results" 




I 

FxlA 
UOingJ/CFA 


11 
FklA 
(1 ing.)/CyA 


UI 

CFA alone 


IV 

CFA alone 


V 
Uver 
bomogenate 
(10 nig.)/CFA 


VI 
BSA 
(tOmg.)/CFA 


Animals positive^ 


10 


10 


8 


10 


6 


10 


(n = 10) 














Samples positive^ 














(n « 120) 














FClq 






12 


10 


20 


21 


SClq 


30^ 


41*' 


14 


13 


5 


87 


Either/both 


49^ 


64" 


25 


20 


22 


100 


Mean frequency of 














positivity score 














/animal 














FClq 


2.4'' 


3.2" 


L2 


1.0 


2.0 


2.1 


SClq 


3.0 


4.1" 


1.4 


1.3 


0.5 


8.7 


Either/both 


4.9^ 


6.4" 


2.5 


2.0 


2.2 


10 



" Roman numerals indicate animal group. Dose of immunogen is given in parentheses. 
^ Positive at any time. 

< 0.06, different from control, group I versus m. 
"p < 0.006, group II versus IV. 
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F10.-3- orRangeof positivity -foraU- 

samples in the Quid phase Clq binding 
assay plotted as /tg. per ml. of ARG 
equivalents. (•) n, number of samples in 
each group with values less than the 
upper limit of normal b. Range of posi- 
tivity for all samples in the solid phase 
Clq binding assay plotted as /ig. per ml 
of ARG equivalents. (#) n, number of 
samples in each group with values less 
than the upper limit of normal 
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proximal tubular brush border and no binding to the 
glomerulus. Four of four PEG precipitates from group 3 
animals failed to show any binding to renal cortical 
structures when studied by indirect immunofluorescence. 
Five serum samples from group 1 which were negative in 
the FClq assay failed to show a visible precipitate. 

Demonstration of RTE Antig£n ?n CIq-Reactive 
Material 

Rabbit antiserum produced by immunization with the 
PEG precipitate of a group 1 serum collected 70 days 
postimmunization with FslA bound to the brush border 
of the proximal renal tubule as demonstrated by ampli- 
fied indirect immun fluorescence with in vitro c mple- 
ment fixati n (Fig. 5a). The pattern f binding was the 
same as that observed by the horn log us rat anti-RTE 



as well as rabbit antiserum produced to rat FxlA. No 
fluorescence was observed when these antisera were sub- 
stituted with normal human serum, normal rabbit serum, 
or fluorescein conjugate alone. Absorption studies con- 
firmed the specificity for the RTE antigen of the rabbit 
antiserum to the PEG precipitate of a group 1 animal 
(Table 2). Antiserum to the PEG precipitate from a 
group 3 animal failed to show specificity for any renal or 
Over component by indirect immunofluorescence or rat 
IgG as tested by double immunodiflusion. 

PEG precipitates which were redissolved, suspended 
in CFA, and injected into male Lewis rats were all 
c llected from experimental (groups 1 and 2) or control 
(groups 3 and 4) animals 49 to 84 days after their primary 
immunization. All had significant binding activity in the 
FClq assay ranging from 35 to 70 per cent. Serum col- 
lected fr m rats 3, 4, and 8 weeks after immunization 
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Fig. 4. Patterns of sucrose gradient 
ultracentrifugation analysis. Amount of 
^^'IClq (expressed as c.p.m. x itf ) plot- 
ted as a function of fraction number. 
Dotted area, fractions which contained 
—rat.IgG 




Fig. 5. a. Positive staining of the brush border of the rat proximal 
renal tubule with rabbit anU-PGG precipitate (Group 1) by indirect 
unmunofluorescence with in vitro complement fixation. 6, Granular 

with the PEG precipitates demonstrated anti-RTE anti- 
body activity in four of five animals immunized with 
PEG precipitates from experimental animals and zero of 
five immunized with PEG precipitates from control ani- 
mals. The pattern of binding to the proximal tubular 
brush border was indistinguishable from that demon- 
strated in Figures 2 and 5a. None of the sera bound to 
normal rat gl meruli. Tissue firom unilateral nephrec- 
tomy at 4 weeks postimmunization revealed fine granular 



deposition of rat IgG along the capillary wall of the glomerulus of a rat 
immunized with the PEG precipitate from a Group 11 animal. X500. 



glomerular capillary wall deposits in one animal in which 
anti-RTE antibody was also demonstrated. This same 
animal had abnormal proteinuria and died 5 weeks after 
immunization. At sacrifice, 8 weeks postimmunization 
two of three remaining animals with anti-RTE antibody 
in their serum had capillary wall deposits of rat IgG in 
their glomeruli (Fig. 56). All six animals without circu- 
lating anti-RTE antibody had negative immunofluores- 
cence of their kidneys. „^ _ „ _ 
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Table 2. Antibodies to Polyethylene Glycol (PEG) 
Precipitates Induced in Rabbits and Rats: Specificity 
Studies" 



Absorbed with: 


Sera tested 


Un^b 
sorbed 


Rat 
GBM 


homogenate 


Normai 
rabbit/rat 


Normal rabbit serum 
Rabbit anti-PEC 
Normal rat serum 
Rat anU-PEG'' 
Rabbit antirat FxIA' 


+ 

+ 
+ 


+ 

+ 
+ 


1 1 1 1 1 
+ + 1 + 1 


ND 
+ 

ND 
+ 
+ 



° Immunofluorescent demonstration of antibody binding to proximal 
tubular.biush border. 
*ND.Not done. 

' Rabbit immunized with PEG precipitate irom sera of rat immunized 
with FxlA in CPA. 

Rat immunized with PEG precipitate from sera of rat immunized 
with PxlA in CPA. 

- - -Rabbit-immunized- with-FxlA-in GFA. ■ 



DISCUSSION 

Autologous immune complex nephritis was actively 
induced in 100 per cent of Lewis rats immunized with 
high and low dose FxlA. Utilizing two assays, material 
having the characteristics of immune complexes was 
demonstrated in the experimental animals with a preva- 
1 nee greater than the control animals. Animals immu- 
nized with BSA served as a positive control for the CIC 
assays as well as a reference group for prevalence and 
levels of CIC in an accepted model of immune complex 
disease. The 5SA-immunized animals lacked IgG in their 
glomeruli at sacrifice on day 90. A single dose of an 
exogenous antigen may induce acute serum sickness; 
however, glomerular deposits are rapidly eliminated if 
xogenous antigen is not repeatedly administered (28). 
Presumably the antibody-excess-CIC detected in BSA- 
immunized rats 90 days after immimization were not as 
nephritcgenic as those formed in antigen excess. This 
f ature may reflect important contributions made by the 
character as well as amount of antigen. As suggested by 
Border and Cohen (3), antigen charge may be one of 
th se factors. 

Interpretation of the results is dependent upon the 
validity of the immune complex assays used. The FClq 
and SClq assays have been widely used to study human 
sera and were readily adapted to the evaluation of the 
animal sera. However, there are several apparent differ- 
ences in assay performance between human and rat sera. 
We did not use the Zublei* et al (31) modification of the 
FClq assay because calcium and magnesiumi were omit- 
ted firom the buffer making it unnecessary to add EDTA. 
In addition, sucrose density analyses failed to show in 
normal rat sera significant amounts of the 16 S Clqrs 
complex. We have not observed significant aggregation 
of IgG by heat inactivation. The ii^uence of heat inac- 
tivation and EDTA treatment of serum on the FClq 
assay has been extensively evaluated by Soltis et al, (22). 
There are disadvantages with both methods and they fail 
to demonstrate that ne method of decomplementation 
is superior. The background binding of normal rat serum 
had a mean of 8.48 per cent of maximal binding of '^I- 
Clq. If this is recalculated as a per cent of total counts 



added the mean is 3.76 per cent which is in keeping with 
published human data (20, 29). The upper limit of normal 
for the FClq expressed as 100 ^g. per mL of ARG equiv- 
-alents-is artificially high-as the total protein concentre" 
ti n f our preparati n of ARG (unlike comm nly pre- 
par d aggregated human IgG) contained large amounts 
of monomeric IgG as well as ARG. ARG equivalents 
represents a semiquantitiative standard for assay activity 
but does not directly estimate the concentration of im- 
mune complex material in a test sample. Other Clq- 
binding materials (e^., heparin, DNA, endotoxin) theo- 
retically may interfere in the FClq assay but only in 
amounts unlikely to be present in aidmal or human sera 
(14). 

There was no correlation between the FClq and SClq 
assay results in any of the animal groups studied. This 
lack of correlation has also been reported in studies 
employing human sera (2,14). Utilizing m vitro prepared 
~complexes~of 'tetanus~toxdid^titox^ Casali^and co- ~ 
workers (4) found the FClq assay to be more sensitive in 
detecting CIC formed at relative antigen excess while the 
RiUi cell &n<l bovine conglutinin-binding assays wer 
more sensitive in detecting CIC formed at relative anti- 
body excess. The SClq assay, like the Raji cell assay, 
detects CIC by the presence of IgG; thus, one would 
expect it to be more sensitive in detecting CIC formed at 
relative antibody excess. This differential sensitivity was 
further demonstrated by the observation that in vitro 
addition of excess BSA antigen to SClq or FClq-positive 
sera from animals immunized with BSA converted the 
assays to negative (C. K. Abrass, W, A. Border, R, J. 
Glassock, unpublished observations). Such differential 
sensiti\dties of the FClq and SClq assays could account 
for their lack of correlation as well as changing reactivity 
of sera from rats with AICN, 

In addition to having a higher prevalence and a greater 
frequency per animal, the Clr)-reactive material that was 
detected in animals that were immunized witli FxlA had 



other properties of immime complexes. Results of sucrose 
density gradient analysis demonstrated that the material 
bound to Clq had a sedimentation coefficient of 14 to 20 
S. As determined by double immunodifiusion this heavy 
sedimenting material contained rat IgG. Interestingly, 
assay-positive sera from animals immunized with adju- 
vant alone did not contain a similar peak. However, most 
of the radioactivity was recovered in the pellet suggesting 
the presence of material in excess of 30 S. These pellets 
did not contain rat IgG, and the exact nature of this 
macromolecular material is not known. 

Some of the PEG precipitates bom FxlA-immunized 
animals contained an RTE antigen and anti-RTE anti- 
body. The anti-RTE antibody in the PEG precipitates 
may in part represent free antibody that is noiispecifi- 
caUy precipitated. However, the simultaneous presence 
of Clq, RTE antigen, and anti-RTE antibody suggest the 
presence of an immune complex. Furthermore, immuni- 
zation with the PEG precipitate led to the development 
of serologic, clinical, and glomerular abnormalities iden- 
tical with th actively induced disease, confirming tlxe 
presence f the putative nephritog nic RTE antigen in 
the immune complex material. 

It is reasonable to assum that the material detected 
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in the sera f rats with AICN is an immune complex 
composed of an RTE antigen and its antibody. The RTE 
antigen in the CIC might be immimizing and/or endog- 
enously released antigenrWe hav n data to resolve this 
issue. It seems likely, however, that early after immuni- 
zation, administered antigen contributes to the formation 
of immune complexes. But after immune elimination 
occurs, administered antigen should no longer be present 
in the circulation. It also seems unlikely that adminis- 
tered antigen would be present 70 to 84 days after im- 
munization with a low dose of FxIA. 

The data presented here document that immune com- 
plex materid is present in sera from animals with actively 
induced AICN; however, they do not prove that CIC are 
responsible for the subepithelial deposits that are char- 
acteristic of this animal model of membranous nephrop- 
athy. Glassock, Edgington and Dixon (10) purified hu- 
man and rat RTEos and confirmed that puriified antigen 
n^oducSlllisease"ideht^ 

ration of kidney in adjuvant. Rats immunized with hu- 
man RTEos were studied with species-specific antisera. 
Human RTE was deposited early. After 6 weeks increas- 
ing amounts of rat RTE gradually accumulated. As with 
our homologous anti-RTB antibody <all dilutions of 240 
sera) and the anti-PEG precipitate antibody, they found 
no binding of anti-RTEos to glomeruli in vitro. These 
data suggest that an antigen normally extrinsic to the 
glomerulus is accumulating at a subepithelial site as the 
disease evolves. However, from the data available from 
the present experiments we cannot exclude the concom- 
itant in situ formation of immune complexes as circulat- 
ing antibody reacts with a fixed, intrinsic glomerular 
antigen. 

It is interesting that most of the animals only have 
detectable CIC from 40 to 60 per cent of the time, while 
sequential morphologic studies demonstrate a progres- 
sive accumulation of IgG in the glomerulus. Several 
explanations are possible: (1) CIC are present but at 
levels below the sensit' aty of the assay; (2) CIC detected 
in the circulation (14 to 20 S in size) represent those "left 
behind" and other CIC have deposited in the glomerulus; 
(3) CIC may be present in the circulation but the prin- 
ciple immune complex formation in the subepithelial 
space may occur in situ with "growth" of the deposits as 
more and more circulating antibody reacts with fixed 
antigen. 

The controversy regarding the pathogenesis of AICN 
was initiated by the study of the passive model of mem- 
branous nephropathy produced by the administration of 
heterologous anti-FxIA antiserum. Van Damme and co- 
workers (24) have shown early binding of this heterolo- 
gous antibody to glomerular antigen. The antigen is 
associated with the subepithelial space and may be part 
of the epithelial cell membrane or the lamina rara externa 
of the glomerular basement membrane. It appears dis- 
tinct from the glomerular basement membrane antigen 
reqwnsible for induction of antibody operative in ne- 
phrotoxic serum nephritis. Only the 7 S, IgG antibody is 
necessary to transfer the disease. Couser and co-workers 
(5) have shown glomerular binding f heterologous anti- 
body when mj cted in the isolated perfused rat kidney. 
These studies seem to liminateth possibility f circu- 



lating inunune complex formation contributing to the 
deposited immunoglobulin. The passive heterologous 
model has not been evaluated utilizing antisera to puri- 
fied RTE-os; 

In the heterologous passive transfer model, the autol- 
ogous phase and continued disease is dependent upon 
production of rat-antirabbit IgG which binds to glomer- 
ular boimd rabbit-antirat FxlA. Evaluation of this phase 
(25) established the binding of free antibody to a glomer- 
ular bound antigen as a mechanism which results in 
membranous nephropathy. In this respect, the heterolo- 
gous passive transfer model is not directly analogous to 
either the homologous passive transfer or actively in- 
duced AICN models. It is quite possible that the heter- 
ologous antibody produced to the crude FxIA has anti- 
body specificity to an antigen that the glomerular epithe- 
lial and tubular epithelial cells share, and that this spec- 
ificity accounts for the early binding of the passively 
~admLustered~antibody~to~the~glomerulus and~the~target 
for the.autologous phase. Several investigators have now 
attempted to duplicate the passive transfer experiments 
utilizing homologous antibody. Discrepant results have 
been obtained with homologous antiserum and eluted 
antibody evaluated in vitro, in vivo, with isolated ^ - 
meruli, and in the isolated perfused kidney (16,18,23). 
The controversy is yet to be resolved; however, it is 
possible that deposition of immune complexes from the 
circulation as well as in situ binding of antibody play a 
role in the development of AICN. Clarification of the 
precise pathogenesis of these models of membranous 
nephropathy and the relative contribution of the two 
likely mechanisms will require further evaluation. 
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Rgure 1 Western blotting of human plasma proteins purified by sugar affinity 
chromatography. One- and twvo-dimenslonal SDS-W\GE of this prepafation was 
f ollowed by blotting onto potyv inylldene dlf luoride (PyDgjnKnbranes_and 
development with various antibodies, a, One-dimenslonal electrophoresis: lanes 
1 and 3 where run under reducing conditions and lanes 2 and 4 under non- 
reducing conditions. Lanes i and 2 were developed with anti-N'MASP-2 antibody, 
lanes 3 and 4 with antKC'MASP-2 antibody, b. SDS-PAGE !n two dimensions: the 
first dimension was run under non-reducing conditions. "Pie lane was cut out, 
incubated in sample buffer containing DTT, placed on top of another SDS- 
polyacfylamide gel and electrophoresed; the gel was then blotted and the blot 
developed with anti4g'MASP-2 antibody. The positions of Mr markers are 
indicated. 



the alternative pathway initiate<9 by certain stmctores on micro- 
bial sai&ces> and by an antibody-independoit padiway' that is 
initiated by the binding of mannan-bindini; l^cdn (MBIj first 
described as mannan-binding protdn') to carbohitndrates. MBL is 
structiually rdated to the complement CI ssbosss^^ent, Ciq^ 
and seems to activate the complement system Amnjfr an asso- 
dated serine protease known as MASP (r^ 4) or plOO (rc£ 5), 
y/Addx is similar to Clr and Cls of die dassiad pathway* MBL 
binds to specific carl>ohydrate structures found on the surfece of a 
range of ]nicnKugaiiisms> including bactefia» yeiuts^ parasitic 
protozoa and virose^, and exhibits antibactoiid adid^ through 
killing mediated by the tnndnali lytic cpmphmrat com 
or by promoting phagocytosis'. Hie level of MB£ in plasma is 
genetioBlly determined^", and deficiency is associated with fre- 
quent infections in diildhood'^', and possibly idso in adults'**" 
(for review, see ret 6). We have now idaitified a new MBL- 
assodat^^ serine protease (MASP-2) which shows a striking 
homol<^' with the previously reported MASP (MASP-1) and 
the two Clq-assodated serine proteases Clr and C1& Tlius 
comjpi^cnt activation through MBL, like the dasdcal pathway, 
involves two serine proteases and may antedate the devdopment 
of the specific immune system of vertebrates. 

Human plasma proteins and protein complexes that bind to 
carbohydrates in a caldum-dependent manner (lectins and lectin- 
associated proteins) were puriified by affinity chromatography on 
mannan- and AT-acet^glucosamine-derivatized Sepharose beads. 
This protein preparation was analysed by SDS-PAGE aiid blotting 
onto a PVDF-membrane. Development of the bl t with chicken 
antibody raised against a bovine lectin preparation*' revealed a 
protein f relative molecular mass 52,000 (Af, 52K), in addition to 
MBL at 32K. The 52K band was subjected t " amin -terminal " 
amino-add sequence analysis. The sequence showed similarity t 
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Rguw 2 Sequi^^^ 

sequences of MASFV2 (done pti'^^ 17 
22). Or (refs ia/24) ani dfii (^^^ 
with the N^erminal amlrio acid of the mature proteins 
(the pmativet^dersequeh^ MRUTUjOUj^^ 




ofMASP-^isomitted)uAblasof6wa3ad(iedtoeach 
term of the mutation data matrix (250RAMS) and a 
break penalty of 6 was used. Idemtcal n^idues tn a|t 
four species afQ indicated by a8terislc& The begtrv 
ning of the CIr/Cls-tilce ctomatr^ 
and the OCP dorraira a^ 
sequences. Aligified^ cysitein^ am shadedi ;;rhe 
potential cleavage site betvfvc^ Arjg ^ tie ri^ue^ 
which generates heavy and light chain&V 
to the site at which the serine protease domain 
starts. The three amino-actd residues that are essenr 
ttal for the active centre in serine proteases (His468, 
Asp 517 and Ser 618), are indicated fay diantonds. The 
cysteines in the histidine loop of MASP-1 are manied 
(inverted t riangte s). Sequences obtained from pep- 
tides are underiinedT ' 
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that of the previously described MASP (MASP-I). Antibody raised 
against a synthetic peptide representiog the 19 N-terminal amino 
adds (anti-N'MASP-2 antiserum) leoognized the 52K molecule as 
wdl as a molecule with a mobility corxespohdii^ to 20K (Fig. l,lane 
1). Under non-redudng conditions, s polypeptide of ?5K was 
detected with anti-N'MASP-2 antiserum (Fig. 1^ lane2), indicating 
the presence of interchain disulphide boiids. Tlie 20K polypq>tide 
had the same N-terminal sequence as the 52K polypeptide and is 
likely to represent a truncated form of it The direcdy deterniined 
aminp-add sequences O^-tornoiiial, as wdl as' tfiose of interiial 
peptides) are indicated in Fig. 2. IWp-diniiensipnal SDS-PAC^E^ in 
which the first dimensioh was under non-iediidng conditions and 
the second dimenauon uiider reducing conditioiis, shorwed the 52K 
polypeptide to be part of a disulphide-linked protein of H 76K. A 
polypqnide of 31K (Fig. 1, lane 3), probably representing the 
remainder of the protein, was also recognized as part of the 76K 
protein by an antisomn (anti-C'MASP-2) raised against synthetic 
peptides from the C-terminai sequence of the protein (determined 
by cDNA sequencing see bdow). The 76K band seen widi the anti- 
N'MASP-2 antibody under non-redudng conditions was also 
recognized by the ianti-C:MASP-2 antibody (Fig. 1, lane 4). 

The liver is the primary site of synthesis of Clr, Cls and MASP-1. 
Thus, RNA from liver was used as the template for polymerase chain 
reaction with reverse transcription (RT-PCR), with primers 
deduced fit>m the peptide sequences. The nudeotide sequence of 
the resulting 300-base-pair (bp) RT-PCR product contained an 
pen reading frame (OFiF), with a deduced amino-add sequoice 
c nfirming die sequences of the peptides from which the primers 
were dmved, as well as that fan ther f the sequenced peptides. 
The Rt7P0l-deriyed product was used as a prbbe for screening a 
human Uver cD]^ library, revealm nies, iftt^ch 

the four longest (phl-1, 2, 3 and 4) were sequent in foil Sequence 



analysis revealed that ail four clones represent reverse, transcripts of 
the same novel human mRNA spedes. The loiigest done, phl-4, 
comprises 2,475 bp starting with a 5' untranslated rq|bn of 36 bps 
followed by an ORF of 2,061 bp and a 3' untranslated region f 
37S bp, endiisg\vith a poly( A) tsL The nudeotide seq^KKS of p^ 
is deposited at the EMBL nudeotide sequence dala base (acqesdon 
no. Y09926). Although the sequence of phl-1 and -2 were in total 
agreement with phl-4, the nudeotide sequence of phl-3 dilBSns from 
phl-4 at two positions, a transversion at nudeotide posidpn 1»147 
(G to T) and a transition at position 1315 (C to t). ^e first dianj^ 
leads to the replacement of Asp 356 with tyrosine. AQ doncs w^ 
isolated from a liver library transcribed frv>ih RNA 
donor, and the observed difference may rq>resent polymorphism in 
the MASP'-2 gene, or is due to an error crrated during cohstructioh 
of the library. 

The amino-add sequences of the N terminus as wdl as all 
sequenced peptides were identified in the sequence deduced from 
done phl-4. The ORF encodes a polypeptide chain of 686 amino . 
adds, induding a signal peptide of 1 5 residues (Fig. 2). Omitting the 
signal peptide, the calculated is 74,153, in agreeme nt with the 
76K observed on SDS-PAGE (Fig. 1), die isodectric point is 5.43, 
and the molar extinction coeffident b 113,640 (absorbance at 
280 nm of 1 .54 at 1 mg ml ~ ' ). In contrast to MASP- 1 , the sequence 
contains no sites for N-Iinked glycosylation. The three amin6-add 
residues that are essential for the active centre in serine proteases 
(His468, Asp517 and Ser618) are present The aminoh^add 
sequence is h mol gous to that of MASP-1, Clr and Cls (Fig. 2). 
These four proteins have m comm n their d main brg^nizat^ 
featuring one Clr/Cls-like d main, one epidern^-{^v^-fiKtb 
like (EGF-like) domain, foil wed by a second CI r/Cls-i9te domain, 
two complement control protein (CCP) d mains,' and a . serine 
protease d main. The key residues involved in die caldum-bihding 
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Ftgurs 3 Molecular complex between MBU MASP-l and MASP-Z A. Affinity 
purification of MBL/MASP complexes. Microtitre wells were coated with- 
monodonal anti-MBL or control monoclonal murine IgGI, incubated with either 
one of two different lectin preparations (1 and 2). and the bound proteins were 
eluted and analysed by SDS-PAGE under reducing conditions and by western 
blotting. Blot a was developed with anti-MBL antibody, btot b with anti-C'MASP- 1 
anti body, and blot c with anti-N'MASP-2 antibody. Lane 1, unfractionated lectin, 
preparation (1): lanes 3 and 4. eluates from wells coated with anti-MBL antibody^ 
and incubated with lectin preparations (2) and (1). respectivety: lanes 2 and 5, 
eluates from wells coated with normal IgG and Incubated with lectin preparetlons 
(2) and (1), respectively B, The lectin preparation was subjected to gel-permea- 
tion chromatography on a Superose-6 column in buffer containing calcium, a. 
Analysis of the fractions by western blotting using monoclonal anti-MBL antibody. 
The band at -60K ts seen in all MBL preparations arKl is recognized by all anti- 
MBL antibodies tested (monoclonal ss well as polyclonal) arid probably repre- 
sents a non-reductbte dimer of the 32K polypeptide chain, b. Same analysis, using 
anti-N*MASP-2 antibody (developing the upper band of 52K followed by anti- 
C'MASP-l antibody (developing the lower band of 31 K). For technical reasons, 
the 20K truncated MASP-2 is not seen here as the blot was partially stripped 
between incubations with anti-MASP-2 and anti-MASP-1 c. Numbered arrows on 
the chromatography elution profile indicate the void volume (1) and the elution 
positions for the marker proteins IgM (2K Glq (3). thyroglobulin (4). IgG (5) and 
senim albumin (6). 



m ttf in the EGFrlike domains are present in the sequence* as well as 
ih,MASP--l, Clr and Cjls. In addition, the substrate ^>ecificity- 
related residue, six residues before the active-^te serine, is laspartic 
^d in ail four proteins. NfASP Clr and Cls are all activated by 
cleavage of the pq>tide bond between the residues argmine and 
isbleuouie lo<^^ the second CCP domain and the serine 

protease domain. The resulting polypeptide chains (tfie larger is 
referred to as the 'heavy' chain and the analler as 'light' chain) are 
hdd together by a disulphide bond. By analogy, our results indicate 
that the 52K polypeptide, recognized by antibody against the N- 
terminal of MASP-2 after SDS-PAGE under reducing conditions, is 
the heavy chain of MASP-2, \^ereas the 31K polypeptide, recog- 
nized by antibody against the C terminus of MASP-2, is the light 
chaiii. As seen in Fig. 2, arginine and isoleucine are present in 
MASP-2 at the expected positions between the second CCP domain 
and the protease domain. 

Identities and similarities between the four proteins were studied 
from the s^uence alignment shown in Fig. 2. Identity between the 
four protdns, a^ in die range of 39 to 45%, gives no clue as to 
fwicti n^ r^tedness. The sunilarity sc res (taking into account 
r^idlti^ f r siiniiu' nature as well as identical residue) between the 
proteiiu be^^ least similarity being 

between MASPtI and Cls (39%) and the high^t siniilirilV between 
MASP-l Md iGlr (52%) bctweai^N^ 
MASP-2 shows comparable siihiiarity with Clr (46%) and Cls 



(47%). The similarity score between Cls and MASP-2 is s^ifi- 
cantly higher than that between Cls and MASP-l, wheieas MASP-l 
is more similar to Clr than to Cls, suggesting that MASP-2, like 
Cls, could be the C2 and C4 cleaving enzyme. Several features of the 
sequences suggest that MASP-2, Clr and Cls have evolved by gene 
duplication and divergence from a MASP-l ancestor. Only the 
MASP-l sequence contains the histidine loop characteristic of 
typsin-like serine proteases*^. The active-site serine is encoded by 
a TCN codon (where N is A, T. G or C) in MASP- 1 as in most serine 
proteases, whereas in MASP-2, Clr and Cls it is encoded by an AGY 
codon (where Y is T or C). In most serine proteases, including 
MASP- 1, a proline residue is found at die third position down- 
stream from the active-site serine, whereas a different amino add is 
found in MASP-2, Cls and Clr (alanine in MASP-2 and Cls, valine 
in Clr). From these analogies, the catalytic domain of MASP-2 may 
be predicted to be encoded by a sin^e exon as in Clr and Cls, 
whereas most other serine proteases, including MASP- 1 have split 
exons. 

To investigate the association between MBL, MASP-l and MASP- 
2, the lectin preparation was incubated in miqotitre wells coated 
with monoclonal anti-MBL antibody, or, as a ne^tive control, wells 
coated with nonspecific monoclonal immunoglobulin of the same 
subclass. The proteins captured by the antibcMdy were eluted and 
analysed by SDS-PAGE and western blotting. The results (Fig. 3A) 
show that the anti-MBL antibody, in addition to binding MBL, 
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Rgure 4 Activation of C4 by C Is and MASP-2 on western blots, a, ^/Ulestem blot of 
CI separated under non-reducing conditions, without heatirig ttie sample before 
electrophoresis. Lane 1 was developed with anti-Cis antibody; lane 2 was 
incubated with human semm followed by anti-C4 antibody; lane 3 was as lane Z 
except for the presence of serine-protease inhibitors during the incubation with 
senim. b..Vfestem blot of an MBL preparatory separated as^in a^Lane 1 was 
developed with anti-N'MASP-1: lane 2 with anti-N'MASP^ Iane3 was incubated 
with human senjm at 37*^ follow^ by anti-C4: in lane 4, the blot was pretncu- 
bated with serine-protease inhibitors and the incubation with serum was also in 
the presence of inhibitors. MASP-1 shows a higher Af, than MASP-2 owing to 
glyoosylation^^ and a polypeptide chain that Is 9 amino adds longer. 



captures both MASP-1 and MASP-2. Fractiom fom gd-penneation 
chromatography of the lectin preparation on Superqse^B CL were 
analysed for MBL, MASP-1 and MASPr2 (Fi& 3B);A^ 
in a main peak at a vcdume ( V^) irorirespondiiig to ah of 750iC> 
with a smaller peak at 350K. MASP-1 and MASP-2 were ibmid by 
western blottmg to c6^ute largely wilh the highrmpleciilarrmass 
MBL When the MBL preparation was chromatographed at pH5> 
no MASP-1 or MASP-2 was associated wilth the MBL peak, as 
already reported for MASP-1 (ref 19). 

The classical complement activation padiway« like the MBL- 
initiated pathway, involves the generation of a C3-CDnverting 
complex, C4b2b^ through enzymatic activation of C4 and C2. In 
the CI complex (ClqrjS^), this specific protease activity is e^dnbited 
by Cls after activation of this enzyme by Clr. When C4 is activated, 
its reactive thiol ester is exposed and binds oovalently to nearby 
amino or hydroxyi groups The C4-acti^ 
and MASi*-2 were compared. This was accon^lidied by separating 
ail MBL/MASP preparation (prepared in the absence of enzyme 
inhibitors) by SDSr-PAGE under non-redudng conditions, fol- 
lowed by blptting ipnto a PVDF monbrahe in the absence of SDS. 
Hie blot was examined for C4 converting activity by incubation 
with human serum at 37 ''C, followed by detection of dq)osited C4b 
with anti-C4 antibodies (Fig. 4). C4 was deposited at a podtion 
corresponding to die MASP-2 band, whereas no C4 deposition 
occurred at positions corresponding to MASP-1. MASP-1 was 
present in the activated state, as ^own by SDS-PAGE under 
reducing conditions, where it appears as two bands at -^dOK and 
70K, respectivdy (results not ^own). This C4 activation and 
deposition was inhibited by enzyme inhibitors (Fig. 4). No C4- 
stimulating activity could be detected vAicn MBL/MASP was pre- 
pared in the presence of enzyme inhibitors added throughout the 
purification procedure. A preparation of CI was similarly analysed, 
and C4 dqiosition, which could be inhibited by enzyme inhibitors, 
was observed at a position corresponding to C 1 r and Cls, vdiich are 
n t separated under ur conditions.. 

Chir restdts emphasize the, similarity between complement acti- 
vati n thro^ the MBL, or *MBLectin' pathway f the innate 
immune system and the d^idd pathway of a)ihplement activation 
(Fig. 5). In both cases, the imtiating m leoilar complexes are 
composet' of an ligomeric Ugandi-binding component (MBL r 
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HQure 5 The three pathways of complement activation. Activation through the 
cteissical pathv«^ is^s^>aatedwith_tfte specific immune response found only in 
vertebrates, whereas the MBt^ or *MBLectin\ pathway and the ettemativo 
pathway rely on innate recognition of foreign organisms and so probably predate 
the evolution of the specific immune system. All pathways converge on the 
activation of the central component C3 into C3b. which binds oouatenHy to the 
microbial surface and mediates the effector functions of complement 



Clq, respectively) which, on reacting with ligands, activates the toyp, 
associated serine proteases (MASP-1 and MASP-2 or Clr and Cls, 
respectively). Elucidation of the precise comppdtion and stbidiio^ 
m^ of the MBL/MASP-l/MASP-2 complcK, and the enzymatic 
properties of the two proteases, requires fiirther investigation. □ 

Methods 

PuriflcaHon off pbsroa lectins and associated m oli cul e e . IRDded CPD 
plasma (25 1), diluted with bufier containing EDTA and enzyme inhibttois, vnis 
passed duough Sephaiose-2B CL and mannan-Sefdsaiose. A Ifaronilrin 
inhibitor. PPACK (D-phenylalan^-prolyl-aiginyl-chloionictfayl ketone), and 
CaOi were added. The pool was passed through Sepfaaiose-2B CL and 
n:3nnan-Sq}h3!ose» ai>d the proteins binding caldumHlependently to 
mannan-Sephaiose were duted with EDTA-containiQg bufiiec Use eluate 
was recaldfied, passed throogh a GlcNAc-Sepharose column* which was duted 
to yidd 20 ml of lectin preparation. 

Antibodies. Animals, primed wiUi BCG Cbadlhis Cabnette-Guerin vacdne), 
were immunized widi synthetic peptides coupled to PPD (tubeiculin-purified 
protein derivative) according to C Koch (State Serum Institute. Copeiadiagien), 
Antibodies anti-N'MASP*l, anti-C'MASF-1 and anti-N'MASIV2 were fmm 
rabbits immunized with peptides corresponding to the first 19 amino-acid 
residues of MASP-1 , the last 19 amino-add residues of MASP-1, and the first 19 . 
amino-add residues of MASP-2, respectivdy. Oudcen anti-C'MA^2 anti- 
body was fiom chickens immunized with a noixture of two peptides represent- 
ing sequences in the C-terminal part of MASP-2 (residues 505-523 and 538- 
556). All peptides had an additional C-terminal cysteine for cotqiling. AntHiody 
and normal chicken IgG was purified from yoUc^. Monodooal anti-MBL 
antibody, IgGl-x (done 131-1) and control IgGlnt (done MOPC21) were 
purified by protein- A afiSnity diromatography. F(ab')2 rabbit antF-human C4 
and F(ab')j rabbit and-human Clq were produced by pepsm digestbn of 
rabbit anti-human C4 and rabbit anti-human Clq (Dako, Glostiup^ Denmark). 
For staining of western blots, antibodies were used at l|i^ml~'. Bound 
chidcen antibody was visualized with rabbit anti-diidoen IgG fiiOowed by- 
peraxidase-labelled goat anti-rabbit IgG and developed by ohanoed chemflo- 
miniesoenoe. 'Bound mouse and rabbit antibodies were visualized with pennc- 
idase-labeOed rabbit anti-mouse IgG and pennddase^labeOed goat anti-rabbtt 
IgG, respectivdy. 

Amlno-ecM sequencing off the 62K and tlie 20K polnMpiidee. Ib^ 

preparation was concentrated, run on SDS-PAGE and transfierted to a PVDF 
membrane. TWo strips were devdopcd with anti-bovine lectin ant^body'^ The 
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fe^ of tlMi^blot w^^ ^C^mas?ie briUia^ cbrre- 

spohiiiiag to l^e^i^ sequenced on an 

/^AppU6l Biosy^ 
antibody, this was used on a sinU^ 

proteins in the 52K and the 20K battels, cievelope^ antibbdy. were 

sequencnr^tfideBlrm^ in the 

two bands from another Mot, fractionated. by reverse-phase chromatography 
and the peptides m,the pnncipaJ;pe&^^ were ^^liuenGed . . , . . 

Scphanwe bc?ds .ivith 'huiMn ^ 4 *C lliie washed and 

tncubiated at 37 "C for 3binin^fi(>r act^ The l^ds were 

suspendcNj in non-reducing sample b'uffer-ahd; witKp^^^ on SDS- 

PAGE, then blotted in the absence of SD& A similar blot iras made of aii MBL 
preparation produced in the absence of enryme-inhibitpis^ Stri^ of the blots 
were incubated Jor 50 niin;at. 37T^^ l;i% (v)v).iiuman MBL-deficient 
serum, depleted of Clq by fractionation on Biofex-70. Blots were developed 
with biotinyiated F(ab')2 anti*C4 antibody, followed by pcnuddase-labeUed 
streptavidin and luminescence reagent. Parallel blots were treated with a serine- 
protease inhibitor (aminoethylbenzenesulphonyl fluoride), which was also 
present during incubation with serum. Other strips were directly developed 
~with~anlibodies. " ~ ' ~ 

aoning of th« MA8P-2 cDNA. First-strand synthesis of cDNA was carried out 
with 1.3 ^g human liver RNA using a First-Strand cDNA synthesis kit 
(Pharmacia). PCR was done on this using degenerated sense and antisense 
P^nnter derived from the amino-add sequences EYANDQER and KPFTGFEA. 
r«pcctiTCly. T^^^ of t cycleof amealingat SO'CTl cyde 

pf^aimcalii^ 300-bp 
PGR product was cloned ihtp the E co/i plasmid pCRll using the TA^lpning kit 
(IriVitrpgeh) and the nucleotide sequence of the insert viras determined. The 
insert of this plasmid was used as the radioacdvely labelied probe for screening 
a total of 8 X 1(P clones m a commercial human liver library (Stratagene). 
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Herpesviruses, such as murine and human cytomegalovirus 
(MCMVand HCMV). can establish a persistent infecdon within 
the host and have diverse mechanisms as prd^ection from host 
immune defences'. Several herpesvirus genes duit are homologous 
to host immune modulators have been identified, and are impli- 
cated in viral evasion of the host inunune response^; Tlie 
discovery of a viral major histocompatibility c6^ (MHC) 
class 1 homologue, encoded by HCMV^, led to spea^ktiph t^t it 
might function as an immune modubtor and disora 
tion of peptides by MHC dass I to cytotoxic t cdbV Hpi^^ 
there is no evidence concerning ihe biological ^gnifidmce of this 
gene during viral infection. Recent analysis of die MCMV genome 
has also demonstrated the presence of a MHC dass I homoii^^. 
Here we show tlwt a recombinant MCMV, Is id&ich the gene 
encoding the dass I homologue has been disrupted, has severely 
restricted rqilicadon during the acute stage of infection com- 
pared with wild-type MCMV. We demonstrate by m vrvo depletion 
studies that natural killer (NK) cells are respomible for the 
attenuated phenotype of the mutant Tlius the viral MHC dass I 
homologue contributes to immune evasion through interfieience 
with NK cell-mediated clearance. 

The sequence of the MCMV MHC dass I homologue (designated 
ml44) is remarkably similar to that of MHC dass I proteins (Fig. 1). 
It is predicted to encode a 383 amino-add type 1 membrane 
glycoprotein that bears sequence homology with the al, a2 and 
a3 domains of MHC dass I heavy chains^**. The highest levd of 
sequence identity between ml44 and MHC dass I proteins is 
observed in the putative a3 domain (32% identity), induding the 
cysteines known to form internal disulphide bonds in cellular dass I 
proteins. Least conserved is the predicted al domain of m 144 (20% 
identity), which is truncated compared to MHC class I proteins and 
the HCMV MHC dass I homologue encoded by the ULl 8 gene. Low 
homology is also observed in the cytoplasmic region of ml44, which 
is considerably longer than that of MHC class I proteins. Unlike 
UL18, which has 13 predicted N-linked gIycos)dation sites, ml44 
has nly 4, which more dosely approximates the number (1-3) 
found in HLA and H-2 class I molecules. UL18 and ml44 are less 
conserved with each other than with MHC dass I m lecules from 
their respective species, suggesting that the genes were acquired 
independently or have diverged from an ancestral c unterpart 
during adaptation of the viruses to their natural host. 
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SUIVf MARY : 

Clustering activity for neutrophil granulocytes was generated in pooled normal human serum (NHS) 
by incubation of the serum with preformed IgG aggregates, but not in heal-treated NHS (56 C, 30 
min), indicating that the function was complement-dependent. Judging from results of experiments 
with con?plcmcnt-deficient sera, and serum depleted of Clq. factor E> and properdin, recruitment of 
the complement system beyond C I was not required for induction of the activity. Zymosan treatment 
of NHS resulted in some neutrophil clustering activity, but recombinant C5a had a limited effect Clq 
added to heat-treated NHS in conjunction with preformed IgG aggregates supported neutrophil 
clustering in a dose-dependent manner. The serum Clq inhibitor, a chondroitin 4-sulphatc 
proteoglycan known to interact with the collagenous part of Clq, clearly reduced neutrophil 
clustering in heat-treated NHS supplemented with Clq and IgG aggregates. The Clq inhibitor also 
reduced the inherent neutrophil clustering activity of seme sera from patients with systemic lupus 
erythematosus (SLE). Neutrophil clustering activity in SLE serum was eariier shown to be inversely 
related to the number of circulating neutrophils in vivo. Although the precise mechanisms remain 
unclear, we propose that Clq-containing immunoglobulin complexes mediate neutrophil clustering 
through Clq receptors, and that this might contribute to pathogenesis of immune complex diseases 
such as SLE. 

Keywords neutrophil grcnulocytcs neutrophil aggregation complement component Clq 
immune complexes systemic lupus erythematosus 



INTRODUCTION 

Intravascular formation of neutrophil granulocyte aggregates is 
thought to be of pathogenetic significance in systemic lupus 
erythematosus (SLE), particulariy with regard to development 
of central nervous system and pulmonary disease manifes- 
tations [1-3]. 

We have described a simple assay for in vitro assessment of 
neutrophil clustering or aggregation in serum (4]. Sera from 
patients with severe SLE gave increased clustering of neutro- 
phils from healthy donors. The clustering activity varied with 
the clinical course of the disease and was inversely related to the 
number of circulating neutrophils in the patients. Clq-binding 
immune complexes and neutrophil clustering activity were 
correlated, and clustering activity could be generated in normal 
serum with preformed IgG aggregates, indicating that immune 
complexes in conjunction with complement could be respon- 
sible. 

The purpose of the present study was to identify possible 
complement-related ligands for induction of neutrophil cluster- 
Correspondence: G. Sturfclt, MD. PhD, Department of Rheuma- 
tology, University Hospilal, S-22185 Lund, Sweden. 



ing in human serum with preformed IgG aggregates. CI 
subcomponents together with C4 and C3 proteins are known to 
be fixed to complement-activating immunoglobulin complexes 
[5], and contribution of C5-derived peptides generated in the 
course of complement activation [6] was also considered. The 
results suggested that Clq-containing immunoglobulin com- 
plexes were critically involved, and that further recruitment of 
the complement system was not required in the reaction. 

MATERIALS AND METHODS 

Human sera 

Sera were frozen in aliquots at -70 C within 4 h after blood 
sampling. Pooled normal human serum (NHS) from 20 healthy 
hospital staff members was used as a reference in all experi- 
ments. Sera from persons with homozygous deficiency of Clq, 
C4, C2, C5 or C7 were available in the laboratory. For some 
experiments, normal serum from one donor was depleted of 
Clq, factor D and properdin as described by Sjdholm et al. [7). 
Where indicated, NHS was inactivated by heat treatment (56 C, 
30 min). Zymosan treatment of scrum was performed as 
described previously [8]. Sera with high granulocyte clustering 
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activity from five patients with definite SLE [4] were also 
investigated. The patients fulfilled four or more of the ACR 
classification criteria for SLE [9]. Disease activity waj estimated 
by SLEDAI sc ring [10]. 

Complement components 

C!q was purified according to Tenner et al. [11 J. To remove 
possible aggregates, Clq preparations were consistently sub- 
jected to gel filtration on a TSK-4000 column (LKB, Bromma, 
Sweden) in an FPLC system (Pharmacia, Uppsala, Sweden). 
After gel filtration, Clq preparations were used v/ithin 2 days. 
Factor D and properdin were purified according to published 
methods 112.13]. Concentrations of the purified complement 
proteins were determined by electroimmunoassay, assuming a 
reference normal serum pool to contain Clq at 70 mg//, 
properdin at 25 mg// and factor D at 1 mg// [6]. C 1 q inhibitor, a 
chondroitin-4 sulphate proteoglycan, was purified from 1 -5 ml 
~ of outdatcd'ACD plasma essentially as described by Silvestri e/- 
aL [14]. In brief, Clq inhibitor in complex with Clq was isolated 
from plasma by repeated euglobultn precipitation, and was then 
separated from Clq by chromatography on a 1-6x26 cm 
column of concanavalin A (Con A) Sepharose (Pharmacia) to 
which Clq was quantitatively bound [14]. The Clq inhibitor 
recovered in the effluent was dialysed overnight against 20 
volumes of Tris 0 02 mol//, NaCI 0-2 mol//, pH 7-5, and was 
applied to a column of DEAE-Sepharose (Pharmacia) equili- 
brated in the same buffer. The inhibitor was eluted with a sharp 
NaCI gradient to 1 mol//. Clq inhibitory activity was detected 
by haemciytic assay [15J and by single diffusion precipitation of 
purified Clq in agarose [14]. The sulphated glycosaminoglycan 
content of the Clq inhibitor preparation (0-92 mg/ml, total yield 
2-8 mg) was kindly determined by Dr S. Bjomsson (Lund, 
Sweden) according to a recently described procedure [16]. 

Other reagents 

Commercia! polyclonal !gG{Kabi, Stockholm, Sweden) at !0g/ 
/ was aggregated by heat (63°C, 30 min). After treatment, the 
heat-aggregated IgG (HAIG) was centrifuged at 2000 g for 30 
min, the supernatant being used for addition to serum. Recom- 
binant human C5a was purchased from Sigma Chemical Co. (St 
Louis, MO). 

Assay for measurement of neutrophil clustering 
The assay for in vitro measurement of neutrophil clustering has 
been described in detail [4]. In short, neutrophils (0-01 ml, 10^ 
neutrophils/ml) from healthy donors were added to 0 04 ml of 
test serum, incubated at room temperature for 1 min, whereafter 
single and clustered cells were counted within a standardized 
area. In each of duplicate preparations 200 single cells were 
counted. Gustering activity was expressed as the number of 
clustered cells in per cent of the total number of counted cells. 

To generate neutrophil clustering activity, the sera were 
incubated for 60 min at 37X with HAIG at a final concentration 
of 1 g//. In reconsUlution experiments, purified complement 
proteins were first added to serum depleted of C 1 q, factor D and 
properdin, or to heat-treated NHS at physiol gical r specified 
conoentrati ns.Serafr m patients with SLE were used with ut 
pretreatment with HAIG. Clq inhibitor at specified concentra- 
tions was added to HAIG-treated sera or to SLE sera, followed 
by tncubati n at 37X for 10 min before the addition of cells. 



TaMe 1. Neuirophil clustering (%) in normal and complcment-dcfictcnl 
sera with and without treatment with heat-aggregated IgG (HAIG) 
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Fig. 1. Induction of neutrophil clustering with heat-aggregated IgG 
(HAIG) at 1 g// in pooled normal human serum (NHS) and in normal 
serum depleted of Clq, factor D and properdin (Clq,D,P-depleted 
serum). Purified complement proteins were added to the depleted serum 
at physiological concentrations as indicated below the figure. Results of 
two separate experiments are shown. Neutrophil clustering activity is 
given as mean value and range. 

RESULTS 

Neutrophil clustering in complement-deficient and complement- 
depleted sera 

In NHS the proportion of clustered cells varied between 5% and 
25% of the total number of counted cells. In NHS treated with 
HAIG the number of clustered cells was consistently increased, 
and varied between 21% and 48%. 

Addition of HAIG clearly promoted neutr phil clustering in 
sera from persons with h mozygous deficiencies f C2, C5, C7 
or C8 (Table 1). Similar findings were made in serum from a 
patient with hereditary angio-oedema and in serum from a 
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Fig. 2. Clq-dependent induction of neutrophil clustering activity in 
heat-treated (56 C 30 min) pooled normal human serum (NHS). Clq 
and heat-aggregated IgG (HAIG) were added at the concentrations 
indicated below the figure. Results of three separate experiments are 
shown. 



patient with acquired C3 deficiency. In addition, high neutrophil 
clustering activity was found in C4-deficient serum and proper- 
d in-deficient serum treated with HAIG. 

Further experiments were carried out with normal serum 
artificially depleted of Clq, factor D and properdin (Fig. 1 ). The 
depleted serum did not support enhanced neutrophil clustering 
activity in the presence of HAIG. However, reconstitution with 
Clq, but not with factor D and properdin before addition of 
HAIG, produced a marked response with regard to neutrophil- 
clustering activity. 

The results of experiments with complement-defideht and 
complement-depleted sera suggested that neutrophil clustering 
induced with HAIG required Clq or the CI complex, and that 
further recruitment of the complement system was not necess- 
ary. In particular, the findings with C5-deficient serum argued 
against an important role c*" C5-derived peptides (C5a and 
CSajcs are) ^he assay. Zymosan-treated serum, known to be a 
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Fig 3. Influence of Clq inhibitor (Clq INH) on neutrophil clustering in 
heat-treated (56 C, 30 min) pooled normal human serum (NHS) after 
incubation of the serum with Clq and heat-aggregated IgG (HAIG). 
Final concentrations ofClq INH, Clq and HAIG are given below the 
figure. Results of two separate experiments are shown. Neutrophil 
dustcring activity is given as mean value and range. 



Fig 4. Influence of Clq inhibitor (Clq INH) on neutrophil clustering in 
sera from five patients with active systemic lupus erythematosus (SLE) 
-(SLE sera-l~5).~Glq-INH~was-added-at'the concentrations indicated- 
below the figure. Results of included control experiments with pooled 
normal human serum (NHS) and heat-aggregated IgG (HAIG, I g//) 
are shown to the left. 



reliable source of C5-derived peptides [8], produced slightly less 
neutrophil clustering than normal serum activated with HAIG 
Addition of recombinant C5a at a final concentration of 1-10 
mg// to normal serum resulted in very little neutrophil-clustering 
activity. 

Neunophii-ciustermg activity in heat-treated serum: effect of 
purified CJq 

Background clustering in heat-treated NHS was similar to or 
less than that observed in NHS. Addition of HAIG to heat- 
treated NHS did not increase neutrophil clustering, nor did 
addition of Clq alone. When heat-treated NHS was reconsti- 
tuted with Clq before addition of HAIG, Clq produced a dose- 
dependent increase of neutrophii<iusiering activity in the serum 
(Fig. 2). 

Inhibition experiments 

In heat-treated NHS with Clq and aggregated IgG added, 
purified Clq inhibitor reduced neutrophil clustering in a dose- 
dependent manner (Fig. 3). Inhibitory doses were in the range 
23-92 mg//. The normal concentration of Clq inhibitor in serum 
is not known, but could be in the order of 20 mg// assuming a 
10% yield during the preparation procedure. This implies that 
the inhibitory doses were well beyond the normal concentration 
of Clq inhibiton 

Serum from five patients with active disease (SLEDAI scores 
10-24) caused clustering from 1 7 to 43% of the total cell count. 
The morphology of cell clusters induced by SLE serum and jby 
H AIG-activated serum was similar. In four of the five SLE sera. 
Clq inhibitor produced dose-dependent reduction of neutrophil 
clustering (Fig. 4). 

D1SCUSS10N 

Intravascular aggregation of neutrophil granulocytes is consid- 
ered an important event in the inflammat ly response^ by 
promoting neutrophil contact for endothelial adhesion before 
transendothelial migration and accumulation of neutrophils at 
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cxtravascular sites [17]. Neutrophil expression of complement 
receptor type 3 (CR3), a member of the CD18 complex [18], 
appears to be critical for neutrophil aggregation and for 
adhesion to endot hel ium [19.20]. CR 3-dependent neutrophil 
aggregation invoives a cell surface counter-structu'*e [21] that 
may be distinct from ICAM-I and ICAM-2 [18]. Aggregation of 
neutrophils also requires cell activation as triggered by chemo- 
attractants such as C5-derived peptides or other agents [19,21]. 
In vivo, intravascular chemoattractants and systemic comple- 
ment activation induce neutropenia and neutrophil sequest- 
ration due to adherence of neutrophils to endothelium in the 
microvasculature [22,23]. 

Complement activation has been implied in neutrophil- 
mediated pathogenetic events associated with haemodialysis 
[24], the adult respiratory distress syndrome [25], and the 'post- 
perfusion syndrome' [26]. These studies have been focused on 
effects of C5-derived peptides. In the adult respiratory distress 
syndrome, neutroplnl aggregating aa^ in plasma as ascribed 
to C5a was correlated with development of symptoms [25]. 

Sera from patients with SLE or Felty's syndrome have been 
reported to produce aggregation adherence to endothelium and 
superoxide generation of neutrophils in vitro [2]. Attempts to 
identify the serum factor(s) involved have been inconclusive [2- 
4]. 

In the present investigation, neutrophil aggregating activity 
in serum was assessed with a simple neutrophil clustering assay 
[4], whereas turbidimetry measurements have been employed in 
other studies [2,3,24,25]. Thus, findings might not be strictly 
comparable. Changes in light scattering are influenced by cell 
polarization and modification of subcellular structures [27]. 
Furthermore, cytochalasin B, an agent that enhances neutrophil 
aggregation responses [28] by interaction with actin [29], was 
used in the study of Abramson et al. [3]. In our assay, preformed 
IgG aggregates readily generated neutrophil clustering activity 
in normal serum, while no such effect was obtained in heat- 
treated serum. This argued against a role of cell activation 
mediated through FcyRII and FcyRIIl [30], and clearly sug- 
gested a requirement for complement, it is questionable if the 
clustering effect of Zymosan- treated serum was due to C5- 
derived peptides, since recombinant C5a showed very limited 
activity. 

The principal finding was that recruitment of the comple- 
ment system beyond C 1 was not necessary for efficient induction 
of neutrophil clustering. However, preformed IgG aggregates in 
combination with Clq produced marked activity, even in heat- 
treated serum. We conclude that the reaction was triggered by 
Clq-containing IgG complexes through interaction with neu- 
trophil surface receptors for Clq [31]. 

Clq receptors recognize the collagenous part of Clq [32,33], 
.and collagen structures of C-type lectins that resemble Clq [34]. 
The receptor binding si te of C 1 q is masked by C I r and C I s in the 
C I q(C I r-C I s)2 complex (32], but disassembly of the molecule by 
CI inhibitor in conjunction with activation [35] exposes the 
ligand structure of fixed Clq. Like Clq receptors, the Clq 
inhibitor in serum [14] binds to the collagenous part of Clq [1 5]. 
Clq inhibitor virtually abolished neutrophil clustering elicited 
with Clq-c ntaining complexes and the inherent neutr phil 
clustering activity of some SLE sera, indicating that the 
collagenous part f Clq was a significant ligand in the reaction. 

T our knowledge, neutr phil clustering by a Clq-depen- 
dent mechanism has n t been previ usiy described. The pre- 



vious finding of inverse correlation between neutrophil cluster- 
ing activity and the number of circulating neutrophils in SLE [4] 
suggests that the activity is not a biologically inconsequential 

phenomenpn. .C Iq can activate neutrophils as.expressed by an 

oxidative response [36] with recruitment of partly unique signal 
transduction pathways [37]. It remains to be established if Clq- 
triggered neutrophil clustering resembles neutrophil aggrega- 
tion induced by other stimuli in the requirement for continuous 
cell activation and CD 1 8 leucocyte adhesion molecules [2 1 ], or if 
other mechanisms are involved. 

The ligand requirements for induction of neutrophil cluster- 
ing activity in serum strongly suggested involvement of Clq 
receptors, even if the precise mechanisms remain unclear. As 
proposed for platelets [38] and endothelial cells [39], Clq 
receptors might contribute to localization of Clq-containing 
immune complexes to neutrophil surfaces. Assuming that this 
leads to neutrophil clustering and enhanced margination of the 

_ cells, _the_findings. relate_lo_previous- observations-in disease- 
conditions such as SLE [1 -4]. Interestingly, CI dissociation with 
possible exposure of immune complex-bound Clq is pro- 
nounced in active SLE [40,41]. We propose that Clq bound to 
immune complexes could be an important ligand for interaction 
with neutrophils in SLE, and perhaps also in other immune 
complex diseases. 
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Two types of widely coexpressed cell surface Clq- 
binding proteins TCiq^R)Ta~60-kDa calreticulin^homo- 
log which binds to tlie coUagen-like ^stalk'' of Clq and 
a 33-kDa protein with affinity for the globular ^eads" 
of the molecule, have been described. In this report, 
we show that the two molecules are also secreted by 
Raji cells and per^plieral blood lymphocytes and can 
be isolated in soli^le form from serum-free culture 
supernatant by HPL»C purification using a Mono-Q col- 
umn. The two puri£ed soluble proteins had immuno- 
chemical and phy^cal characteristics similar to their 
membrane counterjparts in that both bound to intact 
Clq and to their i:«spective Clq ligands, cClq and 
gClq. In addition,, ^-t^minal amino acid sequence 
analyses of the solvable cClq-R and gClq-R were found 
to be identical to thse reported sequences of the respec- 
tive membrane-isolated proteins. Ligand blot analyses 
using biotinylated snembrane or soluble cClq-R and 
gClq-R showed ihsit both bind to the denatured and 
nondenatured A-cisain and moderately to the C-chain 
of Clq. Moreover, Bke dieir membrane counterparts, 
the soluble proteiiss we^ found to inhibit seruna Clq 
hemolytic activity. Although cClq-R was released 
when both peripleerai blood lymphoc3rtes and Haji 
cells were incubated in phosphate-buffered saline for 
1 hr under tissue esoltore conditions, gClq-R was re- 
1 asable only from R^p cells, suggesting that perliaps 
activation or tran^ormation leading to immortaliza- 
tion is required for .:gClq-R release. Subcellular frac- 
tionation of R£gi c^ls and analyses by enzyme-lisiked 
immunosorbent assay and Western blotting showed 
that the two molecules are present in the cytosolic 
fractions as well as on the membrane. The data surest 
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that soluble forms of both Clq-binding molecides are 
released from cells and that these molecules may play 
important roles in vivo as regulators of complement" 

activation. <0 1997 Academic Press 



INTRODUCTION 

The first component of complement, CI, is present 
in blood as a pentameric complex consisting of the Ca^^- 
dependent Clr2Cls2 tetramer and the collagen-like 
hexameric glycoprotein Clq (1, 2). Within the complex, 
Clq serves as the recognition unit during activation of 
the classical pathway by binding to polymeric struc- 
tures such as circulating immune complexes, bacteria, 
viruses, and other activating substances (2). Binding 
initiates a series of intramolecular changes that ulti- 
mately activate the proenzjmaes, Clr and Cls. Then, 
the CI inhibitor removes activated Clr and Cls (3), 
liberating Clq in a form that is capable of interacting 
with the cell surface of various blood cells such as B 
cells, monocytes, neutrophils, eosinophils, platelets, 
and endothelial cells (4-11). Structurally, Clq consists 
of two unique domains: the globular "heads" (gClq), 
whose major function is thought to provide binding 
sites for activators of the classical pathway (2), and a 
collagen-Uke "stalk" (cClq) which is capable of inter- 
acting with diverse molecular species including colla- 
gen, laminin, fibronectin, and C-reactive protein (re- 
viewed in 11, 12). Since Clq within multimeric CI does 
not efficiently bind to cells, it is postulated that dissoci- 
ation of activated Clr and Cls fi^om Clq exposes sites 
in both of these domains that are necessary for the 
binding of Clq to cell surfaces. 

To date, three tjrpes of Clq-binding cell surface mole- 
cules have been described and characterized. Two of 
these, a 60-kDa (4, 5) and a 100-kDa (13) glycoprotein, 
bind to the "collagen-like" region of Clq, and the other, 
a 33-kDa molecule, has affinity for the globular heads 
(14). Whereas the 100-kDa (SDS-PAGE, nonreducing) 
molecule appears to be uniquely expressed on mono- 
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cries aifed neutrophils (12), the 60-kDa and 33-kDa mol- 
ecnles, which are referred to as cClq-R^ and gClq-R, 
respectively, are coexpressed on a wide range of tissues 
and fffl typea (14). In addition to Clq, the 60-kDa cClq - 

bomolog of the high-affinity calcium-binding protein 
calmiculin (15, 16), is postiolated to serve as a receptor 
for nftfllecules which are structurally similar to Clq 
(171 These molecules include mannan binding lectin, 
lung sarfectant protein A, and conglutinin, are lectin- 
hke isMikcules which contain collagen-like sequences, 
and are iwesimied to bind to cClq-R through these do- 
117)," Similarly, the gClq-R molecule has been 
sba^ recently to bind to proteins of the blood coagula- 
tioatt system including high-molecular-weight kinino- 
gCT and Hageman factor (Factor XII) and may repre- 
sent a naturally occurring initiator of t he intrin sic 
blood coagulation and^mn-generating pathway on the" 
endothelial cell surface (18). 

PreSminary experiments performed in our labora- 
tory 19* had indicated that soluble forms of cClq-R 
and gClq-R are present in serum as well as synovial 
fluid. In this report we show that both cell surface pro- 
tpiTfc^ are released from activated lymphocytes and have 
giTTnlar functional and biochemical properties as their 
msnbrane counterparts. 

MATERL\LS AND METHODS 

Qtemim/s^ and reagmts- The follovdng chemicals 
and reagents were purchased from the sources indi- 
caxed: Fetal calf serum (FCS) (Hyclone Laboratories, 
Logan. ITT): RPMI 1640, DMEM, Medium 199, HBSS 
(Hanks telanced salt solution), lOOx antibiotic - anti- 
m>OT«k iliixture (GIBCG BRL, Gaithersburg, MD); AP- 
GAM -Fc- and Fab-specific), AP-STRAV (alkaline phos- 
phaxase-conjugated streptavidiri), AP-XTRAV (alka- 
ILoe p>iosphatase-conjugated ExtrAvidin), pNPP (p-ni- 
tnq^sfisiyl phosphate, 5-mg tablets), DMSO (dimethyl 
sul£aside) (Sigma Inamunochemicals, St. Louis, MO); 
X^-LC-biotin (sulfosuccinimidyl-6-[biotinamido] 
hexanoate), ImmunoPure A/G IgG purification and Im- 
nnmoPore F(ab')2 kit, Tween 20 (Pierce Chemical Co., 
Rock&rxL IL); PD-10 columns, Ficoll-Paque (Phar- 
macia- Biotech. Inc., Uppsala, Sweden); NBT (nitro 
blue cetrazoUum), BCIP (5-bromo-4-chloro-3-indolyl 
{diosphate) (Kirkegaard & Perry Laboratories Inc., 
Gaiiiiersburg, MD); PEG (polyethylene glycol 1500 
iBcdsringer-Mannheim). 

Cu/ii£/ed cells. Most of these studiies were per- 
fonoed asing Raji, a cell Une originally derived from 

* JkJahrerotions used: Clq-R, Clq receptor; cClq-R, 60-kDa mem- 
}ws3x pnKem which binds to the collagen-like "stalk" of Clq; gClq- 
R. membrane protein which binds to the globular "heads" of 

Cli^ gClq-R, recombinant gClq-R; sgClq-R, soluble gClq-R. 



Bxirkitt's lymphoma (20) and from which the 60- and 
33-kDa Clq receptor was originally isolated and char- 
acterized (5, 14). The cells were grown in RPMI 1640 
containing 10% heat-inactivated (3 hr, 56°C) FCS and 
1% of an antibiotic— antimycotic stock mixture (lOOx) 
consisting of penicillin G ( 10,000 U/ml), amphotericin 
B (25 ^g/ml), and streptomycin sulfate (10,000 /xg/ml) 
and maintained in a h\imidified 37*'C incubator in an 
atmosphere of 95% air and 5% CO2. 

Preparation of peripheral blood lymphocytes (PBL). 
Highly purified peripheral blood lymphocytes (PBL) 
were prepared from EDTA-anticoagulated blood of 
healthy donors by the method of Boyurd (21). The blood 
was diluted 1:3 in 10 mAf EDTA-containing PBS (PBS- 
E) and centrifuged on Ficoll-Paque, and the lympho- 
cytes were taken from plasma-Ficoll interphase, re- 
-moved,Jwashedjwith.PBSzE,.resusp.endedinRP^^ 
taining 10% FCS, and then adhered to plastic cultmre 
dishes to remove monocytes. The nonadherent cells 
were removed and washed with PBS, and after incubat- 
ing them with sheep erythrocytes to remove T cells by 
rosetting, the cells were again subjected to centrifuga- 
tion on Ficoll-Paque. The final preparation contained 
>90% B Ijnoiphocytes and viability as assessed by try- 
pan blue exclusion was ^95%. 

Purification of membrane-associated, cytosolic, and 
d forms of CIq-R. Large amounts of Raji ceUs 
were first grown in RPMI 1640 containing 10% FCS in 
a l-L roUer bottite until the ceU nimber had reached 
approximately 10^/ml. After the desired number had 
been achieved, the cells were pelleted by centriftigation 
(800^, 4°C, 10 min) imder sterile conditions, washed 3 
X 100 ml with RPMI 1640, and then resuspended in 
serum-free BME&f and grown for an additional 24'hr 
period. The cells were pelleted as above, and the culture 
supernatant was collected and saved. The cell peUet 
was washed and resuspended in 100 ml PBS. An ali- 
quot was taken out to determine cell number and via- 
biUty and the suspension kept frozen at -SO^'C. The 
cytosoUc fraction was prepared by frieze-thawing (3x) 
in hquid nitrogen and collecting the supernatant after 
centrifugation at 45,000^ (1 hr, 4*'C). The pellet con- 
taining the membrane fragments was washed and used 
to prepare membrane proteins according to the proto- 
cols described in detail elsewhere (14) and the cClq-R 
and gClq-R were isolated as described below. 

The senxm-firee culture supernatant (1 L) from above 
was concentrated 50-fold by an Amicon pressure filtra- 
tion device fitted with a membrane of a molecular 
weight cut-off of 3500 and the concentrated superna- 
tant which was shown by Western blotting to contain 
both the 33- and 60-kDa antigens was dialyzed against 
10 mAf sodium phosphate, pH 7.5, and 6 ml of this was 
apphed to an HPLC Mono-Q column (5x5 cm) that 
had been precaHbrated using ^Mabeled cClq-R and 
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crClq-R- After washing with equilibrating buffer, the 
flow rate was adjusted to 1 ml/min and the bound pro- 
teins were eluted with a NaCl concentration gradient 
Qging 1 Af as a Umit The cC lq -R- and g Clq -R-con- 
taining fractions were identified by enzyme-linked im- 
munosorbent assay (ELISA) using the respective poly- 
clonal and monospecific antibodies. 

Expression in Escherichia coli and purification of re- 
combinant gClq-K The construction and expression 
of plasmid pGrex-2T containing an insert encoding the 
mature form (MF, residues 74-282) of gClq-R as well 
as the expression, purification, and characterization of 
the recombinant gClq-R have been described in detail 
in a previous publication (14). In addition, a deletion 
mutant or tnmcated form (TF) lacking the first 22 
amino acid residues has been constructed. The condi- 
tions-used-for-the transformation-of-the-plasmid-con- 
taining the correct TF insert into the £. coli strain BL 
21, overexpression, purification to homogeneity, and 
characterization of the purified protein have also been 
described in detail elsewhere (22). The homogeneity of 
MF and TF was verified by SDS-PAGE under both 
reducing and nonreducing conditions as well as by 
Western blotting using monoclonal antibodies reactive 
with both forms of the recombinant gClq-R. 

Synthetic peptides, A synthetic peptide correspond- 
ing to the amino- terminal residues 13-32 of cClq-R 
(cClq-R-Nis) and containing two extra lysine residues 
has been s3Tithesized (Advanced ChemTech, Louisville, 
KY). This peptide, EPAVYFKEQFLDGDG is 
common to both cClq-R and calreticulin. After purifi- 
cation by HPLC gel filtration, the peptide wels conju- 
gated to rabbit serum albumin (RSA) using the glutar- 
aldehyde method (23) and the RSA- peptide conjugate 
was separated fi:'om excess glutaraldehyde by gel fil- 
tration on a PD-10 column followed by dialysis against 
PBS. The presence of peptide on the RSA molecule was 
verified by ELISA using a polyclonal antibody against 
cClq-R (pAb-235) and a positive result was arbitrarily 
taken as an indication that the conjugation was suc- 
cessful. 

In addition, two peptides corresponding to Clq A- 
chain residues 155-164 (SSSRGQVRflS) and a con- 
trol peptide in which the two arginine residues at posi- 
tions 162 and 164 were substituted by glutamine 
(SSSRGQVQQS) were synthesized. 

Monoclonal and polyclonal antibodies to cClq-R and 
gClq-R. The production and purification of polyclonal 
antibodies against the 33-kDa "native" gClq-R (pAb- 
237) or the gClq-R peptide (pAb 274) corresponding to 
the NH2-terminal peptide (residues 76-93) have been 
described previously (14). Recently, a panel of IgG 
monoclonal antibodies which react with several unique 
epitopes on the gClq-R molecule have also been pro- 



duced and described (24). Similarly, polyclonal antibod- 
ies reactive with cClq-R (pAb-235) have been produced 
and described in an earUer publication (14). Anti-cClq- 
R peptide ( pAb-560) was produced b y inmiunizing rab- 
bits with RSA-conjugated cClq-R-Nis and following the 
protocol and immunization schedule described for the 
production of anti-gClq-R peptides (14). The presence 
of anti-cClq-R peptide antibody was assessed by 
ELISA and Western blotting using whole cClq-R and 
RSA-^:onjugated or unconjugated (ELISA) cClq-R-Nis. 
The IgG fraction from each antiserum or culttire super- 
natant of anti-gClq-R hybridomas was purified by am- 
monium sulfate precipitation- followed by purification 
using the ImmimoPure A/G IgG purification kit 
(Pierce). IgG fragments were generated using the Im- 
munoPure F(ab')2 preparation kit (Pierce) following the 
manufacturer's recommendations. 

Protein determination. Protein concentrations were 
determined by the method of Bradford (25), and for 
solubiUzed membrane proteins which contained non- 
ionic detergents, the detergent-compatible, bicincho- 
ninic acid-dependent protein assay was used (26). 

Protein biotinylation. Proteins were biotinylated as 
described earlier (27) using NHS-LC-biotin. After re- 
moval of the excess and free biotin by gel filtration on 
a G-25 column, the degree of biotinylation was evalu- 
ated by ELISA using AP-XTRAV as a probe, and the 
proteins were aliquoted and kept frozen at -80°C. 

Cell surface biotinylation ofRaji cells. Surface bio- 
tinylation of cells essentially followed the procedure 
described by Cole et al. (28). Briefly, cells to be labeled 
were washed three times in cold PBS, pH 7.4, and then 
resuspended in the same buffer at a concentration of 
10^/mJ. Biotinylation was initiated by incubation of 
cells with 5 mM (final concentration) NHS-LC-biotin. 
After 1 hr at 4*'C, the cells were washed three times 
with cold PBS, an ahquot was taken out for determina- 
tion of viabiUty by trypan blue exclusion, and the cells 
were resuspended in 1 ml of lysis buffer (20 mM 
Na2HP04, pH 7.4) containing 1% NP-40 and a cocktail 
of enzyme inhibitors and left on ice for 1 hr. The nuclei 
and insoluble cellular debris were removed by centrifii- 
gation (1 hr, 45,000^, 4°C), the protein concentration 
of the supernatant containing the labeled proteins was 
determined, and the proteins were then aliquoted and 
kept frozen at -80°C. 

ELISA. The ability of the soluble Clq-binding pro- 
teins to bind Clq was assessed by solid-phase ELISA 
using microtiter plates (MaxiSorb, Nunc, Denmark). 
Briefly, microtiter wells were-first precoated (2 hr, 37*'C 
or overnight, 4*^0 with 250 ng/well Clq. All dilutions 
fiar coating were made in carbonate buffer, pH 9.5 (15 
mM NaaCOg and 35 mM NaHCOa). After blocking the 
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unreacted sites by incubating (1 hr, 37°C) with 300 fA 
of 1% BSA in TBS (20 mM Tris-HCl, pH 7,5, and 150 
mM NaCl), various dilutions of the biotin-labeled Clq- 
binding proteins w<^re added and in cubated for 1 hr at 

ine uuuiiu uiuuiiijricii,e\a cmuA^^iACi ^^^^^^ 
addition of 50 fA of a predetermined dilution of AP- 
STRAV in TBS-B (TBS plus 0.1% BSA) followed by a 
30-min incubation with 50 /zl of a 1 mg/ml pNPP sub- 
strate solution freshly dissolved in 10% diethanolam- 
ine, pH 9.5, containing 5 mM MgCls and 0.02% NaNg. 
Alternatively, unlabeled proteins were incubated with 
the Clq and the bound proteins probed with either 
mAb 60.11 anti-gClq-R or pAb-560 anti-cClq-R. The 
absorbance of the resulting color development was 
measured at 405 nm using a Dynatech MR 700 ELISA 
plate reader. Washes between all reactions were done 
32< 2 minJnJ'BS-T^(TBS plus_0.05% Tween 20)_ and^ 
the wells completely dried before addition of the next 
reagent. Unless otherwise stated, all ELISA experi- 
ments were carried out in duplicate wells. 

SDS-PAGE and Western blot analysis, Solubihzed 
cell membranes or purified proteins were appHed to 
each lane of a 1.5-mm-thick slab of a 9% SDS-PAGE 

(29) and the proteins separated by electrophoresis un- 
der nonreducing conditions. The electrophoretically 
separated proteins were then ^lectrotransferred to 
polyvinyl difluoride (PVDF) nitrocellulose membrane 

(30) , the membrane sites biockeci with 5'vo noniat miiK 
containing TBS-T (50 mM Tris-HCl, pH 7.5, con- 
taining 150 mM NaCl and 0.05% Tween 20), and the 
bound proteins probed with predetermined dilutions 
of the appropriate antibodies or nonimmune species- 
matched IgG. The bound antibodies were visualized by 
an appropriate dilution (in TBS-B) of AP-GAM or AP- 
GAR followed by reaction with a mixture of NBT-BCIP 
in color development solution (100 miM Tris-HCl, pH 
9.5, 100 mM NaCl, and 5 mM MgCla) such that the 
final BCIP was 0.3 mg/ml and NBT was 0.15 mg/ml. 
After 30 min, color development was stopped by wash- 
ing the filter membranes with color stop solution (20 
mM Tris-HCl, pH 2.9, containing 1 mM EDTA). 

Receptor blot analysis. To identify to which chains 
of Clq the cClq-R or gClq-R molecules bind, a ligand 
blot analysis was performed. To this effect, highly puri- 
fied Clq (5 Mg/lane) was first run on a 9% SDS-PAGE 
under reducing and nonreducing conditions and elec- 
trotransferred onto PVDF membranes and the mem- 
brane-bound Clq was probed with either biotinylated 
gClq-R or cClq-R followed by development with AP- 
XTRAV followed by NBT-BCIP as described for the 
Western blot. Controls included lanes in which the Clq 
was probed with a comparable dilution of biotinylated 
BSA instead of the receptor protein. 

Antigen-capture ELISA, For the antigen-capture 
assay, microtiter plates were first coated with a prede- 



termined optimal concentration of capturing mAb 
60.11 anti-gClq-R antibody (overnight, 4^*0 or anti- 
cClq-R-Ni5 peptide (pAb-560), washed with TBS-T, 
and blocked with 1% BS A before a ddition of gC lq-R- 
containing solution in 0.1% BSA. After an hour at 37°C, 
the captured antigen was probed with a known concen- 
tration of rabbit anti-gClq-R (pAb 237) or anti-cClq- 
R (pAb-235) and the ELISA procedure carried out as 
described above. A standard for the capture assay in- 
cluded concentrations (0-1000 ng/ml, in TBS-B) of 
highly purified gClq-R and cClq-R or a similarly 
treated irrelevant antigen, BSA. 

Hemolytic assay. Standard hemolytic assays (31) 
were carried out as follows. For assays with gClq-R, 
concentrations (0-20 pg) of either recombinant (rgClq- 
R) or soluble (sgClq-R) gClq-R were first incubated (1 
hrT^37f C) with-lO-^Lnormal human„semmiNHS)^in a 
total volume of 100 pi of GVB (0.1% gelatin containing 
veronal buffer, pH 7.5). The volumes of the mixtures 
were brought to 950 ^1 with GVB and incubated for an 
additional hour with 50 ^1 EA [sheep erythrocytes (E) 
1.5 X 10^/ml, sensitized with anti-E antibody (A)]. The 
degree of lysis was then assessed by spectrophotomet- 
ric measurement of hemoglobin in the supematants. 
For assays in which the effect of cClq-R was evaluated, 
concentrations of cClq-R (0-207/g) were first preincu- 
bated with EDTA-serum (10 mM EDTA final concen- 
tration). After incubation, 20 niM iJavJia was aaaea to 
the reaction mixture to reassemble the CI complex and 
incubated for 15 min at 3TC and the hemolytic assay 
performed as above. Heat-aggregated IgG (agg.IgG) 
was used as a positive control and the results are given 
as percentages of the total releasable hemoglobin af- 
fected by lysis of EA with H2O. 

RESULTS 

Purification of soluble cClq-R and gClq-R. Concen- 
trated Raji cell culture supernatant (6 ml) was appUed 
onto an HPLC fitted with a Mono-Q column (5x5 
cm) as described and after washing, the flow rate was 
adjusted to 1 ml/min and the bound proteins were 
eluted with a 0-2 M NaCl concentration gradient. The 
Clq receptor proteins were identified by ELISA using 
monospecific polyclonal antibodies reactive with the re- 
spective antigens. As shown in Fig. 1, two discrete 
peaks were identified. The first peak which eluted at 
37.5 min and a NaCl concentration of 0.4 M was reac- 
tive with anti-cClq-R, whereas the peak corresponding 
to gClq-R eluted at 43.8 min and a NaCl concentration 
of 0.7 M. The two peaks were pooled separately, concen- 
trated, and further purified by passage over the same 
Mono-Q column. Such a purification scheme yielded 
homogeneous preparations of cClq-R and gClq-R. 
Comparison of these antigens to their membrane coun- 
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ELISA f HPLC fracti ns with 
anti-gC1q-R and -cC1q-R antibodies 




Fraction number 

FIG. 1. HPLC profile of soluble Clq-R purification. Concentrated 
serum-free culture supernatant from Raji cells was dialyzed against 
10 mM sodium phosphate, pH 7.5, and 6 ml subjected to HPLC 
purification using a Mono-Q column (5x5 cm) that had been equili- 
brated with the same buffer. After washing, the flow rate was ad- 
justed to 1 ml/min, the bound proteins were eluted using a concentra- 
tion gradient of 0-1 M, and 1-ml fractions were collected. The Clq- 
Rs were detected using their respective monospecific antibodies. The 
positions of cClq-R-containing fractions which eluted at 37.5 min 
and a NaCl concentration of ^-0.4 M are indicated by a dashed peak, 
whereas the gClq-R peak which eluted at 43.8 min after the NaCl 
concentration had reached ^0.7 M is indicated by a solid line. 



terparts did not reveal appreciable differences in their 
apparent molecular weights when analyzed by SDS- 
PAGE and Western blotting (Fig. 2). 

The identity of the purified antigens was further con- 
firmed by comparing their N-terminal sequences to the 
known sequences of membrane gClq-R and cClq-R. 
The first 10 residues of each soluble protein were found 
to be identical to those of their membrane counterparts 
(not shown). 

Binding of soluble cClq-R and gClq-R to Clq. To 
verify whether the soluble proteins retained their abil- 
ity to bind Clq, solid-phase binding assays were per- 
formed. Briefly, both proteins were biotinylated as de- 
scribed under Materials and Methods and then reacted 
with Clq-coated microtiter plates. As shown in Fig. 3, 
both biotinylated proteins were able to bind to Clq in 
a dose- and ionic strength-dependent manner, with the 
gClq-R molecule binding with higher affinity than the 
cClq-R, consistent with previous observations (14). 

Both cClq-R and gClq-R bind to the A-chain of Clq. 
Using a receptor blot analysis, an experiment was per- 
formed to identify the chains of Clq to which each of the 
soluble receptors would bind. Although both molecules 



were found to bind to denatured as well as nondena- 
tured Clq, only the results obtained with the gClq-R 
blot are shown here (Fig. 4). Under these conditions, 
gClq-R binds well to the A-chain of Clq and moder- 
~ately~to~the~C^hairrof Clq: 

Since in earher studies. (14) we have shown that 
gClq-R inhibits complement activation by binding to 
Clq and thus prevents the immune complexes from 
binding to the globular heads of Clq, we had hypothe- 
sized that the binding sites for gClq-R and that of im- 
mune complexes on the Clq globular heads may over- 
lap with each other or even be identical. Since the argi- 
nine residues at positions 162 and 163 of the A-chain 
have been implicated as the major binding sites for 
IgG, we generated two sjmthetic peptides to test this 
hypothesis. The test peptide corresponded to A-chain 
residues 155-164 (SSSRGQVRRS), whereas the con- 
trol peptide-was-identical-exceptthat-thearginine-resi-- 
dues at positions 162 and 163 were substituted by glu- 
tamine (SSSRGQVQQS). As shown in Fig. 5, whereas 
biotinylated gClq-R bound strongly to microtiter wells 
coated with the test peptide, no binding was observed 
with the control peptide and it did not make any differ- 
ence whether the incubations were made in TB or TBS. 
Other peptides such as A-chain residues 14-26 which 
contain arginine residues (AGRPGRRGRPGLK) did 
not support binding of gClq-R (not shown). Similar 
results were obtained when sgClq-R was used instead 
of rgClq-R. 

Inhibition of Clq hemolytic activity. In previous 
studies, we had shown that cClq-R inhibits the lysis 
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FIG. 2. SDS-PAGE analysis of soluble and membrane Clq-Rs. 
The two Clq-R peaks from Fig. 1 were pooled separately, concen- 
trated, and repurified on the same Mono-Q column and the homoge- 
neity of the proteins was analyzed by SDS-PAGE and Coomassie 
staining. Lanes 1 and 2 are cClq-R (--10 ;/g/lane), whereas lanes 3 
(—3 Mg) and 4 (~5 fig) show gClq-R. Lanes 1 and 3 are membranes 
cClq-R and gClq-R, respectively, whereas, lanes 2 and 4 represent 
the respective purified soluble proteins. 
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Binding of Biotinyiated Receptor 
Antigens (sgC1q-R and scC1q-R) to C1q 





FIG. 3. 
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Binding of soluble cClq-R and gClq-R to Clq. The ability 
J — ^/./»or^f#^f oTiHcrpns to hind to Clo was assessed 
by solid-phase ELISA. Wells that had been precoated (overnight at 
4°C) with 250 ng/well Clq were reacted (2 hr, 37°C) with varying 
concentrations of either biotinyiated scClq-R or sgClq-R in Tris 
buffer (TB) or Tris-bufFered saline (TBS). The bound antigens were 
then detected by AP-STRAV as described under Materials and Meth- 
ods. Each data point is a mean of two experiments run in triplicate 
and after the value for biotinyiated BSA used as a nonspecific antigen 
instead of the receptor proteins had been subtracted. 



of EA by normal human serum (5). More recently, we 
also demonstrated that gClq-R (14) is capable of inhib- 
iting serum Clq hemolytic activity by competing with 
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FIG. 5. Binding of biotinyiated recombinant gClq-R to Clq-A- 
chain peptide (RR) but not to a control peptide (QQ). ELISA wells 
were first coated (2 hr, ZTO) with 50 ^1 d mg/ml, CO3, pH 9.6) of 
peptides for 2 hr at 37^C followed by overnight at 4°C. After blockmg, 
biotinyiated gClq-R (1 MS^ml, TBS) was added and the bound recep- 
tor antigen detected with alkaline phosphatase-conjugated streptavi- 
din. The data bars are means of three experiments run in duplicate 
after the values for nonspecific binding to BSA were subtracted. 




FIG. 4. Receptor blot analysis. Several lanes of Clq (5 /ig/ml) 
were first run on a 9% (w/w) SDS-PAGE with reduction and the 
individual lanes analyzed by "receptor'* blot using biotinyiated cClq- 
R (lane 2), gClq-R (lane 3), or BSA (lane 4). Lane 1 is Clq stained 
with Coomassie blue to show the individual chains of Clq. 







immune complexes lor tne same 
(32). In the present study we show (Fig. 6) that soluble 
gClq^R (sgClq-R) was also capable of inhibiting Clq 
hemolytic activity and its efficiency was similar to that 
of the recombinant form of gClq-R (rgClq-R). 

Subcellular and extracellular analysis to identify lo- 
calization of Clq receptors in Raji cells. To determine 
the distribution of gClq-R and/or cClq-R within subcel- 
lular or extracellular fractions, Raji cells were first 
grown to confluence in serum-free culture medium. 
Then, the cells were harvested and the cidture super- 
natant was retained and concentrated 12-fold. Prepa- 
rations of cytosolic and membrane proteins from the 
cells were compared in parallel with the culture super- 
natant by Western blotting after the proteins had been 
run on SDS-PAGE under reducing conditions. The 
anti-gClq-R mAb 60.11 recognized a protein band of 
approximately 33 kDa in all three fractions (Fig. 7). 
Similarly, the pAb anti-cClq-R specifically recognized 
the 60-kDa band of cClq-R (Fig. 8) in all three frac- 
tions. However, neither the nonimmune mouse IgG nor 
the nonimmune rabbit IgG detected either band in the 
membrane fraction or in the cvdture medium under 
the same conditions. Furthermore, both receptors were 
found to be present in significant concentrations in the 
cytosohc fraction and at lower, but detectable levels in 
the membrane fraction and the culture supernatant of 
proliferating Raji cells. 
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FIG. 6. Inhibition of hemolytic activity. NHS (10 //I) was first 
incubated (1 hr, 37°C) with either GVB or concentrations of agg.IgG, 
sgClq-R, and rgClq-R in a total volume of 100 ^\ GVB. After incuba- 
tion, the volume of each tube was brought to 950 ^1 with GVB and the 
mixture further incubated with 50 /il of EA. Cell lysis was assessed by 
spectrophotometric measurement of hemoglobin in the supematants. 
Each data point is a mean of three experiments run in dupHcate. 



Demonstration of soluble Clq receptors released from 
Raji cells or isolated human lymphocytes. Raji cells 
or freshly isolated human lymphocytes were suspended 
at a concentration of 10"^ cells/ml in PBS containing 
Ca^^ and Mg^"^ and incubated under tissue culture con- 
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FIG. 7. Western blot analysis of distribution of gClq-R. Raji cell 
cultures were pelleted and lysed and the membrane and cytosolic 
fractions solubilized as noted under Materials and Methods. Each 
subcellular fraction was loaded at a volume equivalent to 3 X 10* 
cells and nin in parallel with an equivalent volume of the cell- and 
serum-free culture supernatant under reducing conditions: lane 1, 
membrane proteins; lane 2, cytosolic proteins; lane 3, culture super- 
natant; and lane 4, recombinant gClq-R. The blot was probed with 
monoclonal antibodies to gClq-R. Lane 5 was loaded with the identi- 
cal volume of the cytosolic fraction and then probed with nonimmune 
mouse IgG as a control. 




FIG, 8. Western blot analysis of distribution of cCiq-R. The ex- 
periment was run as described in the legend to Fig. 7 except that 
the blot was probed with anti-cClq-R pAb-560: lane 1, membrane 
proteins; lane 2, cytosolic proteins; lane 3, culture supernatant; and 
lane 4, purified cClq-R. Lane 5 was loaded with an identical volume 
of the cytosolic fraction and then probed with nonimmune rabbit IgG 
as a control. 



ditions for 1 hr. The cells were then pelleted, the super- 
natant was saved, and the cell pellet was used to pre- 
pare membrane proteins. The gClq-R and cClq-R con- 
tents of the membrane fractions from each cell type 
were then compared to the presence of each receptor 
in the incubation buffer by Western blot analysis. Du- 
plicate SDS-PAGE gels were run and the proteins 
transferred to PVDF membrane. One blot was exposed 

\.\J i3.11UJ.-g\_' X»4-J.V MMX^^K* V^w.-lj. ^aau. w^^v^ 

R pAb-560. As expected, both receptors were present 
in the membranes of Raji cells and peripheral blood 
lyTnphoc3^es at about the same concentration (not 
shown). However, while the cClq-R protein was found 
in the cell suspension buffer from incubations of both 
Raji cells and the lymphocytes, the gClq-R protein was 
only present in supematants from the Raji cell culture 
(Fig. 9). ELISA of the same samples using the same 
antibodies also detected very httle gClq-R in the super- 
natant from the lymphocyte culture, thereby confirm- 
ing the Western analysis. 

Presence ofcClq-R and gClq-R in serum. Antigen- 
capture assay for the presence of soluble receptor anti- 
gens demonstrated that gClq-R was present in small 
but detectable amounts (50-100 ng/ml) in serum as 
well as other body fluids such as tears and saUva, with 
tears containing more gClq-R than other samples 
tested (Table 1). A similar pattern (45-130 ng/ml) of 
distribution was observed when the samples were as- 
sessed for the presence of cClq-R, with tears containing 
consistently the highest level (130 ± 35 ng/ml). 

DISCUSSION 

The presence of membrane proteins which bind to 
the two functional domains of Clq is now well docu- 
mented (3, 14, 33). Recent reports have suggested 
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that cClq-R and gClq-R can be released from neutro- 
phils when stimulated by phorbol esters (19) and that 
calreticulin, a previously presumed cytosolic protein 
and a homolog of cClq-R, is secreted in vitro from 
several-cell-types (15^35)-and-has-been-detected-in- 
human plasma (36). The present studies were there- 
fore undertaken to examine the conditions under 
which these Clq-binding proteins are released and 
the role that the^^ might play in regulating Clq func- 
tions. The data demonstrate that Raji cells as well 
as peripheral B lymphocytes contain significant 
amounts of gClq-R and cClq-R in the cytosol as well 
as on their membranes. In addition, reasonable levels 
of both receptors have beeii found in the culture su- 
pernatant. More importantly, however, this report 
documents for the first time that while resting pe- 
ripheral blood lymphocytes release quantifiable 
_amoiants j)f cClq-R, they do not r elease d etectable 
gClq-R. This suggests that the gClq-R gene may be 
an important molecule which is targeted for upregu- 
lation by proliferation-inducing agents. Since Raji 
cells are Epstein virus (EBV)-transformed lymph- 
oblastoid cells, it is hypothesized that viral elements 
which induce a proliferative response may also 
upregulate gClq-R secretion. Consistent with this 
hypothesis is the finding (not shown) that superna- 
tants of a number of Clq-R-bearing, virus-trans- 
formed cultured cells tested such as Daudi and Wil2- 
WT ceils showed the presence of gCiq-R and cCiq-R 
by Western blot analysis. 

Western blot analysis under reducing conditions us- 
ing a polyclonal antibody raised against an N-terminal 
residue common to both cClq-R and calreticulin recog- 




FIG. 9. Western blot analysis of Clq-Rs released from Raji 
cells and peripheral blood lymphocytes (PBL). Raji cells and pe- 
ripheral blood lymphocytes (10^ cells/ml) were resuspended in 
PBS, incubated, and pelleted and equal volumes of the superna- 
tants were run under reducing conditions. Lanes 1 and 3 represent 
soluble proteins in the Raji cell supernatant, while lanes 2 and 4 
are the proteins in the PBL supernatant. Lanes 1 and 2 were 
probed with anti-gClq-R mAb 60.11 and lanes 3 and 4 were probed 
with a pAb-560 anti-cClq-R. 



TABLE 1 

Quantitation of sgClq-R Levels in Cell Medium 
and Body Fluids and Serum 



_Spurce_ 



f lO^ cells ] ng 



_[p^/mlJjig^ 



Raji 

PBL" 

Serum* 

Saliva*^ 

Tears'* 



43 ± 18 
10 ± 5 



65 ± 24 
35 ± 10 
129 ± 20 



° Restung, unactivated PBL. 

Serum, saliva, and tear pools were collected from healthy volun- 
teers, microfuged, and microfiltered using 0.22-/im filters. 



nizes a 60-kDa band in the cytosolic fraction, the mem- 
brane preparation, as well as in the culture supema- 
Jants._Since.all_eyidenc_e_accumulat^ 
functional (14, 15) and partial amino acid analysis (8, 
14, 16) suggests that calreticuhn and cClq-R are highly 
homologous if not identical proteins, it is proposed that 
cClq-R is a homolog of calreticulin. This antibody rec- 
ognizes specifically a single major protein band of ap- 
proximately 60 kDa in all the fractions tested (Fig. 8). 

Isolation of the soluble forms of gClq-R and cClq-R 
from the culture medium yielded proteins which were 
immunochemically indistinguishable from their mem- 
brane counterparts (Fig. 2). Furthermore, the soluble 
proteins were able to bind to Clq (Fig. 3) and inhibit 
serum hemoljdic activity either, in the case of cClq-R, 
by binding to the collagen-like stalks and preventing 
the assembly of CI (5) or, in the case of gClq-R, by 
competing for the same binding site on the globular 
heads of Clq as immune complexes (Fig. 6). However, 
although both proteins could inhibit serum comple- 
ment activity, they were unable to activate complement 
as assessed by C4 titration (not shown). Moreover, the 
findings indicate that both cClq-R (not shown) and 
gClq-R (Fig. 4) bind predominantly to the A-chain and 
moderately to the C-chain of Clq. In the case of gClq- 
R, the binding to the A-chain appears to be mediated 
via two adjacent arginine residues corresponding to 
residues 162 and 163 as previously reported (32) and 
as shown in Fig. 5. That these A-chain arginine resi- 
dues are involved in the binding of IgG to Clq has been 
previously reported (37). Chemical modification studies 
have also suggested the significance of arginine resi- 
dues in the globular heads of Clq.^ Taken together, the 
results demonstrate that the membranes cClq-R and 
gClq-R and the released soluble counterparts share 
common physical and immunological characteristics 



^ Leigh, L., Lim, B-L., Reid, K B. M., Dodds, A., Peerschke, E. 1. B., 
and Ghebrehiwet, B., Functional studies on gClq-R, a novel protein 
which binds to the globular "heads" of Clq.DCth International Con- 
gress of Immunology, July 23-29, 1995, San Francisco, 
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including identical N-terminal sequences. Antibodies 
raised against either the N-terminal residues of gClq- 
R (pAb-274) or the N-terminal residues of cClq-R/cal- 
reticulin (pAb-560) recognize the respective membrane 
as-well-as soluble-forms of-these-molecules—However— 
the mechanism by which the soluble forms are released 
cannot be ascertained from the present studies. It does 
appear, however, that agents or molecules which in- 
duce cell proliferation have the capacity to increase 
the amount of gClq-R released into the surrounding 
milieu. Raji, a virally transformed cell line, releases 
both gClq-R and cClq-R to the culture medium. In 
contrast, resting peripheral blood lymphocytes when 
analyzed under similar conditions, release cClq-R, but 
not gClq-R. The fact that the Raji-released protein is 
identical to the mature form of membrane gClq-R im- 
plies that this soluble protein is perhaps released from 
the me mbrane b y site-s pecific enz yma tic cl eavage and 
may play an important role in cell regulation. Obvi- 
ously, it will be important to determine the precise acti- 
vating conditions, such as viral infection versus trans- 
formation, which result in the release of gClq-R. Once 
released, the role of these receptor antigens may be 
either to regulate complement activation within the 
ceirs microenvironment or to prevent the binding of 
Clq- or Clq-containing immune complexes to cells. In 
this manner proliferating cells may evade destruction 
or elimination by complement. Experiments are cur- 
rently underway to determine whether sera from pa- 
tients with proliferative disorders or fluids from pa- 
tients with inflammatory conditions contain increased 
amounts of these receptor antigens. 
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Abstract 

Clr and Cls, the proteases responsible for activation and proteolytic activity of the CI complex of complement, share 
similar overall structural organizations featuring five nonenzymic protein modules (two CUB modules surrounding a single 
EGF module, and a pair of CCP modules) followed by a serine protease domain. Besides highly specific proteolytic 
activities, both proteases exhibit interaction properties associated with their N -terminal regions. These properties include the 
ability to bind Ca^^ ions with high affmity, to associate with each other within a Ca^ "^-dependent Cls-Clr-Clr-CIs 
tetramer, and to interact with Clq upon CI assembly. Precise functional mapping of these regions has been achieved 
recently, allowing identification of the domains responsible for these interactions, and providing a comprehensive picture of 
their structure and function. The objective of this article is to provide a detailed and up-to-date overview of the information 
available on these domains, which are keystones of the assembly of CI, and appear to play an essential role at the interface 
between the recognition function of CI and its proteolytic activity. © 1999 Elsevier Science B.V. All rights reserved. 

Keywords: Complement; CI; Serine proteases; Protein modules; Protein-protein interaction; Calcium binding 



1. Introduction 

The protease that triggers the classical pathway of 
human complement, CI, is a multimolecular com- 



Abbreviations: CCP, protein module mostly found in comple- 
ment control proteins; CUB, protein module initially found in 
Complement subcomponents Clr/Cls, Uegf, and Bone morpho- 
genetic protein- 1; EGF, epidermal growth factor; The nomencla- 
ture of complement proteins is that recommended by the World 
Health Organization; Activated components are indicated by an 
overbar, e.g., CTr, The nomenclature used for protein modules is 
that defined by Bork and Bairoch (1995) 

* Corresponding author. Tel.: +33-476884981; fax: +33- 
476885494; e-mail: arlaud@ibs.fr 



plex resulting from the noncovalent association of 
two distinct entities: the recognition protein Clq, and 
the catalytic subunit Cls-Clr-Clr-Cls, a Ca^^-de- 
pendent tetramer comprising two different, but ho- 
mologous serine proteases Clr and Cls. Through its 
peripheral globular domains, Clq mediates binding 
of CI to target microorganisms and thereby gener- 
ates a signal that triggers autolytic activation of Clr 
into Clr, which in turn converts Cls into Cls, the 
protease responsible for the highly specific prote- 
olytic activity of CI (see reviews by Cooper, 1985; 
Schumaker et al., 1987; Ariaud et al., 1998). An 
essential feature of Clr and Cls is that they exert 
their catalytic activities within the tetrameric com- 
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plex Cls-Clr-Clr-Cls, that itself is associated with 
Clq. In addition to classical serine protease domains, 

— both-proteases-therefore-exhibit-extrar^nonenzymie 
protein modules that endow them with specific inter- 
action properties, including the ability to bind Ca^*^ 
ions with high affinity, to associate with each other 
in a Ca^ "^-dependent fashion, and to interact with 
Clq upon CI assembly. Clr and Cls share homolo- 
gous overall structures comprising, from the N- 
terminus: two CUB modules (Bork and Beckmann, 
1993) surirounding a single EGF-like module 
(Campbell and Bork, 1993), a tandem repeat of CCP 
modules (Reid et al., 1986), followed by a C-termi- 
nal chymotrypsin-like serine protease domain. Al- 

— thoughitwas recognized-earlythatthe-Ga^'^-binding 
and protein-protein interaction properties of Clr and 
Cls are mediated by their N-terminal regions (Vil- 
liers et al., 1985), precise information about the 
domains responsible for these properties has only 
been collected in the past few years. 

The objective of the present article is to give a 
thorough and up-to-date review of the data currently 
available on the interaction domains of Clr and Cls, 
and to provide a comprehensive picture of the struc- 
ture and function of these domains which appear as 
key elements of the assembly and activation mecha- 
nism of the CI complex. 

2. Materials and methods 

2.7. Proteins 

Proenzyme Clr used in the original experiments 
reported in this article was purified from human 
plasma as described by Arlaud et al. (1980). The 
methods used for production of the other proteins 
and firagments reviewed in this article are described 
in the corresponding original references. 

2.2. Peptide synthesis and anti-peptide antibodies 

Peptide Clr (129-151), overlapping the loop be- 
tween residues Cysjjg and Cysi44 of the Clr EOF 
module, was synthesized chemically on an Applied 
Biosy stems 43 OA synthesizer, using a phenylac- 
etamidomethyl-resin and the /-BOC chemistry. Va- 
line was substituted for cysteine at position 144 in 



order to allow formation of a single disulfide bridge 
between CySjjg and CyS|48 as this occurs in Clr, and 
-the-polymorphie-site-(Ser/Leu)-at-pGsition-l-35-was 
occupied by a serine residue. Protecting groups for 
amino acid side chains were as follows: Arg 
(mesitylene sulfonyl). Asp, Glu (0-benzyl), Cys (4- 
methyloxybenzyl). His (benzyl oxycarbonyl), Lys 
(2-chlorobenzyloxycarbonyl), Ser (benzyl), Tyr 
(bromobenzyloxycarbonyl). Couplings were per- 
formed by the dicyclohexylcarbodiimide/l-hydroxy- 
benzotriazole method,^ using iV-methyl pyrrolidone 
and dimethylsulfoxide as coupling solvents, accord- 
ing to the protocol defined by Applied Biosystems. 
Deprotection and cleavage of the peptide fi-om the 
-resin-was-performed-with-trifluoromethane-sulfonic 
acid. Formation of the Cys,29-CySi4g disulfide bridge 
was achieved by air oxidation of flie peptide (0.12 
mg/ml) at pH 8.2 for 20 h. The oxidized peptide 
was purified by reverse-phase HPLC using a linear 
gradient of acetonitrile (5-30%) in 0.1% trifluoro- 
acetic acid as described by Hernandez et al. (1997), 
Mass spectrometry analysis of the peptide was per- 
formed as described previously (Thielens et al., 
1990b), yielding a value of 2600.3 ±0.5 Da (ex- 
pected value - 2600.78). 

Peptide Clr (129-151) was coupled to ovalbumin 
according to Tamura and Bauer (1982) and the con- 
jugate was used to raise antibodies in rabbits. The 
total IgG firaction was purified by Na2S04 precipita- 
tion (Prahl and Porter, 1968) and specific IgGs were 
isolated by affinity chromatography on a Sepharose- 
Clr column. Production of Fabj and Fab firagments 
by pepsin and papain cleavage, respectively, was 
performed according to published methods (Harlow 
and Lane, 1988). 



3. Results and discussion 

5.7. Functional mapping of the interaction regions of 
Clr and Cls 

It was shown early that, in addition to the highly 
restricted enzymic activities mediated by their C- 
terminal parts, both CI proteases Clr and Cls also 
exhibit specific protein-protein interaction properties 
mediated by their N-terminal regions and involved, 
in particular, in the assembly of Cls-Clr-Clr-Cls, 
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the Ca^'*'-dependent catalytic subunit of the CI com- 
plex (Villiers et aL, 1985). A number of modular 
-fragments-deri ved-from-the-N-tenninal-part-of-Gl r- 



and Cls have been produced, initially by limited 
proteolysis, and more recently by chemical synthesis 
or recombinant expression methods (Fig. 1). The 
physico-chemical, structural, and functional data ob- 
tained on these fragments have led to a better under- 



standing of the structure-function relationships of 
these regions, and of the molecular mechanisms 
-involvedin-their-interaction-properties.— — 



5.7.7. The interaction region of Clr 

Initial evidence that the interaction properties of 
Clr are mediated by its N-terminal region came from 
the observation that autolytic cleavage of activated 
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Fig. 1. Schematic representation of the modular structures of Clr and Cls, and of the various ftagments derived from their N-terminal 
interaction regions. The nomenclature and symbols lised for protein modules are those defined by Bork and Bairoch (1995). (♦) N-linked 
oligosaccharides. ClrA 13-99, deletion fragment lacking residues 13-99 of the N-terminal CUB module (Cseh et al., 1996). The 
N-terminal CUB fragment of Clr expressed in Pichia pastoris lacks glycosylation (Thielens et al., 1998). 
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Clr results in the removal of a large N-terminal 
fragment Clra corresponding to the N-terminal half 
of the A-chain (Fig.4 ),-yielding-a truncated-molecule — 
which retains the enzymic properties of intact Cir, 
but lacks the ability to bind Ca^^ ions and to 
associate with Cls in the presence of Ca^"^ (Arlaud 
et al., 1980; Villiers et ah, 1980; Villiers et al., 
1985). A similar fragment Clra was obtained by 
limited proteolysis of native Clr by trypsin under 
controlled conditions in the presence of Ca^"^ (Busby 
and Ingham, 1987; Thielens et al., 1990a). This 
fragment was shown to extend from residues 1 to 
208 of Clr, and therefore comprised the N-terminal 
CUB and EGF-like modules, as well as a segment 
— corresponding-to the-N-terminal disulfide-loop-of the - 
following second CUB module (Fig. 1) (Thielens et 
al., 1990a). Fragment Clra was found to display a 
low-temperature transition also observed in the whole 
protein, with a midpoint of 26-40°C in the absence 
of Ca^"^, shifted upward by more than 20°C upon 
addition of Ca^"^ ions (Busby and Ingham, 1987). 
Functional characterization of Clra indicated that it 
contained one high-affinity Ca^"^ binding site (Kq = 
32 |xM), and retained the ability to bind Cls, as 
shown by the formation of Ca^ "^-dependent Clra- 
Cls and Clra-Clsa heterodimers (Thielens et al., 
1990a). 

Further studies provided support to the hypothesis 
that Clr Ca^"^ binding and Ca^ "^-dependent 
protein-protein interaction involved structural deter- 
minants contributed by both the N-terminal CUB 
module and the EGF module. A deletion mutant Clr 
molecule lacking most of the N-terminal CUB mod- 
ule (residues 13-99) (Fig. 1) was expressed in a 
baculovirus/insect cells system and found to lack 
the ability to bind Cls in the presence of Ca^"^ 
(Zavodszky et al., 1993; Cseh et al., 1996). The EGF 
module of Clr (residues 123-175) was synthesized 
chemically using the /-Boc chemistry and folded 
under redox conditions (Hernandez et al., 1997). The 
solution structure of this module was determined by 
two-dimensional 'h NMR spectroscopy (Bersch et 
al., 1998), indicating that the C-terminal part exhibits 
a major and a minor antiparallel double-stranded 
p-sheets, i.e., a fold typical of EGF modules. In 
contrast, the N-terminal end of the module, as well 
as the unusually large (14-residue) loop between the 
first two cysteines (Cysjjg and Cys,44) are disor- 



dered (Fig. 2). NMR spectroscopy also provided 
evidence that the isolated EGF module has the abil- 

— ity-to-bind-Ca— ,-but-with-a-Ari5-of-about-10-mM, 
i.e., a value about 300 times higher than that deter- 
mined for Clra (Hernandez et al., 1997). Analysis 
of the chemical shift variations induced by Ca^^, and 
modelling studies were both consistent with Ca^"*" 
binding occurring through ligands (Fig. 2) homolo- 
gous to those identified in the EGF modules from 
blood-coagulation factors DC and X, and from human 
fibrillin- 1 (Rao et al , 1995; Downing et al., "1996; 
Sunnerhagen et al., 1996). The latter modules, like 
the Clr EGF module, all belong to a particular 
subset of EGF modules known to participate in Ca^"^ 

- binding -and- featuring-a- particular- consensus-se — 
quence Asp/Asn, Asp/Asn, Gln/Glu, Asp*/Asn*, 
Tyr/Phe (where * indicates a P-hydroxylated 
residue) (Campbell and Bork, 1993). However, the 
decreased Ca^"^ binding ability of the isolated Clr 
EGF module strongly suggested that residues located 
outside this module also contributed to the Ca^"*" 
binding site. 

To fijrther investigate this question, the CUB- 
EGF module pair (residues 1-175) was recently 
produced using a baculovirus/insect cells expression 
system, and its interaction properties were studied by 
surface plasmon resonance spectroscopy and com- 
pared to those of other Clr fragments (Thielens et 
al., 1998). Using Cls as the immobilized ligand, it 
was shown that neither the isolated CUB and EGF 
fragments, nor a CUB 4- EGF mixture had the ability 
to bind in the presence of Ca^^. In contrast, the 
CUB-EGF pair bound Cls under these conditions, 
with a (1.5-1.8 |xM) similar to that of fragment 
Clra, but significantly higher than the values of 
10-32 nM determined for intact Clr (Rivas et al., 
1994; Thielens et al., 1998). No protein-protein 
interaction occurred in the absence of Ca^"^, and 
half-maximal binding to Cls was obtained at compa- 
rable Ca^^ concentrations for Clr (5 fiM) and its 
CUB-EGF and Clra fragments (10-16 m-M). Using 
CUB-EGF as the immobilized ligand and Cls as the 
soluble analyte markedly increased the affinity (K^ 
= 15-20 nM), likely due to an increased stability of 
the CUB-EGF fragment resulting from its covalent 
attachment to the surface of the sensor chip. It may 
be concluded from these experiments that the Clr 
CUB-EGF module pair is the minimal segment re- 



8 



NM. Thielens et al / Immunopharmacology 42 (1999) 3-13 



quired for both high-affinity Ca^"^ binding and 
Ca^"^ -dependent interaction with Cls, i.e., that both 
fiinctiOTS^do"Mt~involve~acce^^^^ 
outside this segment. Other studies based on gel 
filtration experiments and measurements of intrinsic 
Tyr fluorescence provided evidence that Ca^"*" bind- 
ing induces a more compact conformation of the 
CUB-EGF module pair (Thielens et al., 1998X A 
plausible model consistent v/ith all available data is 
that Ca^t binding occurs primarily through ligands 
in the EGF module of Clr (see Fig. 2), and allows 
the CUB and EGF modules to move towards each 
other, thereby inducing formation of a compact 
CUB-EGF assembly. The latter likely provides the 
appropriate conformation as well~as~airof the^ligands" 
required for interaction with Cls within the Cls- 
Clr-Clr-Cls tetramer (Fig. 3). 

5.7.2. The interaction region of Cls 

It was initially shown that limited proteolysis of 
Cls with plasmin successively removes two N-termi- 
nal firagments al and a 2 (Fig. 1), ending in a large 



C-terminal firagment that retains esterolytic activity 
towards synthetic substrates, but nevertheless lacks 

the ability to bind Glr in-the-presenGe-Gf-Ga—,-Gr-to 

form Ca^"*'-dependent homodimers as does isolated 
intact Cls (Villiers et al., 1985). That the Cls deter- 
minants responsible for Ca^"^ binding and Ca^ "^-de- 
pendent interaction are located in its N-terminal re- 
gion was confirmed by isolation of an N-terminal 
tryptic fragment (Cls- A) lacking most of the serine 
protease domain and mimicking Cls ability to bind 
Clr in the presence of Ca^"^ ions (Busby and Ing- 
ham, 1988). Fragment Cls- A was found to exhibit a 
low-temperature transition near 3 l^'C, that was shifted 
to 58**C in the presence of Ca^"^, a feature strikingly 

" reminiscent" ofthat-observedpreviously-in-the-ease- 
of Clr (Busby and Ingham, 1987). 

Shorter firigments Clsa derived firom the N- 
terminal half of the Cls-A chain (Fig. 1) were later 
obtained by limited proteolysis with either trypsin or 
plasmin under controlled conditions (Busby and Ing- 
ham, 1990; Thielens et al,, 1990a). Like its Clr 
counterpart, the tryptic Clsa fragment (residues 1- 




Fig. 3. The CUB-EGF nwxiule pairs of Clr and Cls in the architecture of the CI complex. (A) Model of the CI complex featuring 
interaction between the interaction domains of Clr and Cls (circled) and the collagenous stalks of Clq (modified from Arlaud et al., 1987). 
(B) Proposed model of the Ca^* -dependent assembly of the CUB-EGF module pairs of Clr and Cls involved in the interactions between 
Clr and Cls and between the Cls-Clr-Clr-Cls tetramer and Clq. Calcium ions are represented by closed circles. 
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192) was shown to encompass the N-terminal CUB 
and EGF modules, plus a small segment correspond- 
~ing~to~the~^N-terminal~disulfide~loop-of-the-second- 
CUB module (Fig. 1). Clsa was found to form 
Ca^ -dependent C 1 sa-C 1 rot heterodimers, with 
concomitant binding of two Ca^*^ atoms/mol, i.e., 
one Ca^"*" atom per a fragment. In addition, as also 
observed for intact Cls, Clsa formed Clsa-Clsa 
homodimers that, in contrast with the Clsa-Clra 
heterodimers, were found to bind three Ca^"*" 
atoms/mol, i.e., one per fragment plus one extra 
atom at the interface. A single value (about 38 
|xM) for Ca^"^ binding by Cls was determined by 
equilibrium dialysis (Thielens et al., 1990a), whereas 
analysis~by~s¥dimratationne^^ 
et al. (1992) to distinguish two sites with a of 30 
\iM and one site with a of 10 nM. 

Further studies provided evidence that both the 
CUB and EGF modules participate in Ca^"^ binding 
and Ca^ ^-dependent interactions. It was shown that 
none of the isolated plasmin cleavage fragments a 1 
(starting at Ser24 and comprising most of the N- 
terminal CUB module) and a 2 (residues 97-195, 
encompassing the EGF module and a short segment 
from the second CUB module) (Fig. 1) retained the 
ability to bind Ca^^ with high affinity or to associate 
with Clr (Thielens et al., 1990b). In contrast, both 
al and a 2 competed significantly with intact Cls 
for the formation of the Ca^ "^-dependent tetramer 
Cls-Clr-Clr-Cls. Further evidence for the impli- 
cation of the N-terminal CUB module was provided 
by differential enzymic iodination of Cls, which 
indicated that residues Tyr33 and Tyrjg of this mod- 
ule were accessible in monomeric Cls, but not in the 
Ca^ ^-dependent Cls-Cls dimer (illy et al., 1991). 
Interestingly, enzymic iodination of Cls was found 
to abolish its ability to form Ca^ "'"-dependent homod- 
imers, but not to impair Cls-Clr heteroassociation, 
confirming that these two types of interaction, also 
known to differ with respect to the number of Ca^"'" 
atoms bound (see above) do not involve strictly 
identical sites and/or mechanisms. Production of a 
recombinant CUB-EGF module pair (Cls residues 
1-159) in a baculovirus /insect cells system has 
recently allowed functional characterization of this 
segment, showing its ability to bind Clr or to dimer- 
ize in the presence of Ca^"'" ions (Tsai et al., 1997). 
Although the affinities of the Cls CUB-EGF pair 



for Ca^"'" and for Clr both remain to be determined 
and compared to those of intact Cls, it appears very 
likely therefore-that-this segment^like-its-G I r-coun- 
terpart, contains all of the ligands required for as- 
sembly of the Ca^"" -dependent Cls-Clr-Clr-Cls 
tetramer. Whether Ca^"'" induces in the Cls CUB- 
EGF pair a conformational change similar to that 
identified in Clr remains to be determined. How- 
ever, the homology between the two module pairs 
and particularly the fact that the EGF module of Cls 
also belongs to the Ca^"'" binding subset of EGF 
modules (Campbell and Bork, 1993) strongly sug- 
gests that Cls binds Ca^"'' through a mechanism 
similar to that occurring in Clr, i.e., involving major 
ligands-in-the-EGF-module-as-well-as-a-contribution 
of the preceding CUB module (Fig. 3). 

5.2. The Clr and Cls interaction regions in CI 
architecture 

Compared to the numerous studies dealing with 
the assembly of the Cls-Clr-Clr-Cls tetramer, 
less work has been carried out on the regions of Clr 
and Cls involved in the assembly of the CI com- 
plex. Available information indicates that the te- 
tramer/Clq interaction is a complex process involv- 
ing multiple sites that are most likely contributed by 
the interaction regions of both Clr and Cls. That the 
N-terminal a fragment of Cls is able to 'promote' 
binding of Clr to Clq was estabhshed by Busby and 
Ingham (1990), who showed that a truncated te- 
tramer Clsa-Clr-Clr-Clsa readily binds to Clq 
to form a pseudo CI complex with a stability similar 
to that of whole CI. Similar results were obtained by 
Thielens et al. (1994), who showed in addition that 
this pseudo CI complex is fully functional in terms 
of spontaneous Clr activation, indicating that the 
missing part of Cls, i.e., the C-terminal catalytic 
region, plays no role in the mechanism that triggers 
Clr activation in CI. It was shown more recently 
that the Cls CUB-EGF pair itself associates with 
Clr and Clq to form a complex in which Clr retains 
its autoactivation ability (Tsai et al., 1997). It may be 
concluded therefore that the CUB-EGF module pair 
of Cls not only contains the ligands necessary for 
Ca^"^ -dependent assembly of Cls-Clr-Clr-Cls, but 
also structural determinants required for efficient 
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interaction of the tetramer with Clq. This does not 
imply, however, that CI assembly involves a direct 
cOTtact between C l q and the-eUB^EGF-moiety of- 
Cls, and there is no experimental evidence for this 
(Busby and Ingham. 1990; Tsai et al., 1997). 

Indeed, various studies provide support to the 
hypothesis that Clr itself is directly involved in CI 
assembly. Initial evidence for a Clq-Clr interaction 
came from ultracentrifugation studies showing that, 
unlike activated Clr, proenzyme Clr forms a com- 
plex with Clq (Lakatos, 1987). It was also shown 
that Clq significantly increases the activation rate of 
Clr in the presence of Ca^"*" ions (Thielens et al., 
1994), suggesting the occurrence of a low-affinity 
interaction between'th^^^^^^ 

vating effect of Clq is abolished in the presence of 
1,3-diaminopropane, a reagent known to disrupt CI 
into Clq and Cls-Clr-Clr-Cls and therefore ex- 
pected to act at the interface between the two sub- 
units (Villiers et al., 1984). Other studies (Illy et al., 
1991) indicated that treatment of Cls-Clr-Clr-Cls 
with a water-soluble carbodiimide prevents CI as- 
sembly, through modification of acidic amino acids 
that are located in Clr, Taken together, the above 
data are consistent with the hypothesis that Clr 
contains a diamine- and carbodiimide-sensitive inter- 
action site that plays a major role in CI assembly. A 
plausible hypothesis is that this site lies in the CUB- 
EGF module pair of Clr, and that conformational 
changes induced in this domain upon interaction 
with the corresponding CUB-EGF domain of Cls 
enhance its affinity for Clq, thereby allowing stable 
interaction between Cls-Clr-Clr-Cls and Clq. It 
cannot be excluded, however, that the Cls CUB- 
EGF moiety itself contributes an accessory binding 
site for Clq. Also, the hypothesis that the C-terminal 
catalytic region of Clr may participate somehow in 
the interaction should be taken into consideration, 
given that the affinity of Cls-Clr-Clr-Cls for 
Clq, which remains unchanged upon activation of 
Cls alone, decreases significantly when Clr is acti- 
vated (Villiers et al., 1982; Siegel and Schumaker, 
1983; Lakatos, 1987). However, it appears likely 
from current data that the major interaction between 
the Cls-Clr-Clr-Cls tetramer and Clq is medi- 
ated by the CUB-EGF module pairs of Clr and Cls, 
which represent key elements of the molecular archi- 
tecture of the CI complex (Fig. 3). 



5.3. Functional role of the Clr interaction region 

—Several-studies-provide strong-support-to the-hy 
pothesis that, in addition to its role in the assembly 
of CI, the interaction region of Clr is involved in the 
regulation of the autoactivation potential of Clr, and 
thereby plays a major role in CI function. It was 
found earlier that Ca^"*" ions markedly reduce, with- 
out completely inhibiting, the ability of purified Clr 
to autoactivate in solution (Ziccardi and Cooper, 
1976; Arlaud et al., 1980). In "contrast, removal by 
thermolytic cleavage of the N-terminal a fragment 
from proenzyme Clr was shown to yield a truncated 
molecule whose activation was totally insensitive to 
Ca^ ions-(tacroix-et-al— 1 989).— In-the -same-way^ - 
deletions within the interaction region of Clr were 
found to yield recombinant mutant proteins with a 
significantly increased tendency to activate (Cseh et 
al., 1996), providing fiirther support to the hypothe- 
sis of a Ca^ ^-dependent regulatory mechanism asso- 
ciated with the interaction region. 

The occurrence of an unusually large (14 residues) 
loop between the first two cysteines (CyS|29 and 
Cys»44) of the EGF module of Clr, its high contents 
in charged residues, as well as its high degree of 
mobility as determined by NMR spectroscopy (see 
Fig. 2) make it a good candidate for an interaction 
site within Clr. These considerations prompted us to 
investigate the possible implication of this loop in 
the above-described Ca^ ''"-dependent regulatory 
niechanism of Clr activation. For this purpose, a 
peptide overlapping this loop (Clr residues 129-151) 
was synthesized chemically and used to generate 
specific anti-peptide antibodies. Fabj fragments from 
these antibodies were then tested for their effect on 
the Ca^ "^-dependent inhibition of the activation of 
purified Clr. As shown in Fig. 4, Clr activation 
proceeded rapidly upon incubation at 37*'C in the 
absence of Ca^"^, and preincubation of the protein 
with the anti-peptide Fab2 fragments had no signifi- 
cant effect on the activation kinetics under these 
conditions. The activation process was slowed down 
in the presence of Ca^"^ ions, whereas the Fabj 
fragments induced fiirther stabilization of Clr in the 
proenzyme state, with less than 20% activation oc- 
curring after incubation for 1 h at 37°C. Further 
experiments showed that monovalent Fab firagments 
also increased Ca^ "^-dependent inhibition of Clr acti- 
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Fig. 4. Potentiation of the Ca^ "^-dependent inhibition of Clr 
autoactivation by Fabj fragments specific of peptide Clr (129- 
151). Proenzyme Clr (0.13 mg/ml), either alone or after prior 
incubation for 4 h at 0°C with an equimolar amount of specific 
Fabj fragments, was incubated for various periods at 37°C in 145 
mM NaCI, 50 mM triethanolamine-HCl, pH 7.4, in the presence 
of either EDTA or CaClj (1 mM each). Clr activation was 
quantitated by SDS-polyacrylanude gel electrophoresis under re- 
ducing conditions, as described previously (Arlaud et al., 1980). 
(O) Clr alone in EDTA; (e) Clr+Fab^ in EDTA; (□) Clr 
alone in Ca^"^; and (H)Clr-fFab2 inCa^"**. 



vation in a dose-dependent fashion, and had no effect 
on Clr activation in the absence of Ca^^ (not shown). 
A likely explanation for this potentiating effect of 
the anti-peptide antibodies is that they stabilize the 
Clr interaction region in a Ca^"^ -bound conformation 
that enhances the inhibitory mechanism of Ca^^. 
Although this effect of the antibodies allows no firm 
conclusion with respect to the precise role of the 
large loop of the EGF module in this mechanism, it 
provides direct support for the involvement of the 
EGF module in this process. Other data (not shown) 
indicated that the anti-peptide Fabj fragments, and 
peptide Clr (129-151) itself had no significant ef- 
fect on the interaction between Clq and Clr or the 
Cls-CIr-Clr-Cls tetramer. 

It is well-established that complete stabilization of 
Clr in the proenzyme form is achieved upon incor- 
poration of the protein within the Ca^ ^-dependent 
Cls-Clr-Clr-Cls tetramer, and the same effect 
can be obtained when Cls is replaced by its N-termi- 
nal a fragment, i.e., upon formation of the Clsa- 



Clr-Clr-Clsa complex (Thielens et al, 1994). It 
appears therefore that interaction of the a region of 
-Glr-with-the-CGrresponding-region-Gf-Cls-enhances 
the stabilizing effect exerted by Ca*'** alone, thereby 
leading to complete inhibition of Clr autoactivation. 
In this respect, it may be hypothesized that the 
antibodies directed to the large loop of the Clr EGF 
module possibly mimick the effect exerted by Clsa. 
In any case, the occurrence of a Ca^ "^-dependent 
regulatory mechanism implies transmission of a sig- 
nal firom" the N-terminal a region "of Clr to its 
C-terminal catalytic domain, either through the 
polypeptide backbone or through direct contact be- 
tween these regions. The latter hypothesis appears 
plausible-in light-of-studies providing-evidence-for- 
interactions between distal domains in other modular 
serine proteases such as tissue plasminogen activator 
(Novokhatny et al., 1991) and protein C (Ohlin and 
Stenflo, 1987). 

In contrast with the observed stability of proen- 
zyme Clr within the tetramers Cls-Clr-Clr-Cls 
and Clsa-Clr-Clr-Clsa, it was shown that for- 
mation of complexes between either tetramers and 
Clq releases the Ca^*^-dependent inhibitory mecha- 
nism and allows Clr to fully recover its ability to 
activate (Thielens et al,, 1994). If one considers that 
the major site of interaction between Cls-Clr-Clr- 
C Is and Clq very likely lies within the CUB-EGF 
moieties of Clr and Cls, it may be hypothesized that 
the interaction between these domains and Clq gen- 
erates the signal that restores the activation potential 
of Clr within CI, and thereby triggers CI activation 
(Thielens et al, 1994). Thus, the CUB-EGF module 
pairs of Clr and Cls not only are keystones of the 
CI architecture, but may be considered as the inter- 
face between the recognition function of the com- 
plex, mediated by the globular domains of Clq, and 
its proteolytic function, mediated by the catalytic 
regions of Clr and Cls. 



4* Conclusions and perspectives 

Studies performed in the past few years, particu- 
larly the production of various recombinant modular 
fragments and their precise functional characteriza- 
tion, have allowed identification of the domains of 
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Clr and Cls that mediate their interaction properties. 
Available data provide clear evidence that the N- 
~termnarCUB=EGFTTrodule"pairs"of~both"proteases~ 
mediate Ca^t-dependent assembly of the Cls-Clr~ 
Clr-Cls tetramer and provide sites for interaction 
between the tetramer and Clq. In addition to this 
essential structural role, there is growing evidence 
that the interaction region of Clr, most probably its 
CUB-EGF pair, plays a key part in the regulation of 
the Clr autoactivation property, and hence in the 
control of CI activation. 

These considerations underline the need to get 
deeper insights into the structure-function relation- 
ships of the CUB-EGF domains of Clr and Cls in 
drdef to^i'dentify^ the~liphds^ri^'theliidlecular mech~ 
anisms involved in Ca^"*" binding and protein-pro- 
tein interaction. These objectives will require the use 
of X-ray crystallography and NMR spectroscopy to 
solve the three-dimensional structure of the domains, 
as well as the combined use of site-directed mutage- 
nesis and functional studies to identify key amino 
acid residues and decipher interaction mechanisms at 
the atomic level. This approach will generate infor- 
mation that is essential for a better understanding of 
the assembly and function of the CI complex. In 
addition, such information could be utilized for the 
rational design of synthetic compounds aimed at 
blocking CI function and hence complement activa- 
tion under circumstances where this leads to unde- 
sired or pathological effects. 
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Assembly of the CI Complex 
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Laboratoire d'Enxymoloeie Molecuiaire, Inst i tut dc Biologic Structuralc, 4! avenue des Martyrs, 38027 Grenoble Cedcx J, 
France 

i; Summary 

I The CI complex of complement is a Ca^^ -dependent complex protease comprising two loosely 
I interacting subunits, Clq, the recognition subunit, is an hexameric protein with six peripheral 
\ globular domains j each connected through collagen-like '"arms" to a central fibril-like "stalk'*, 
i The catalytic subunit, Cls-Cl r-Clr-Cls, is a Ca^^ -dependent tetrameric association of two serine 
]' protease zymogens, CI r and Cls, that are sequentially activated by cleavage of a single peptide 
\ bond J upon binding of CI to activators. Each monomer ic protease is comprised of six structural 
\ motifs which form at least four domains, distributed in two functionally distinct regions, oc (N- 
\ terminal) and y-B (C-terminal). The catalytic (y-B) regions of Clr and Cls are respectively 
i locat ed in the centr e^and_at_e ach end of the isolated tetramer, and the Ca^'' -dependent Clr-Cls 
\ associations are mediated by the interaction (ccfregions, whtcfrcontdifTohe'Ca^^binding'site each: — 
; Physicochemical and electron microscopy studies indicate that the tetramer, which is highly elon- 
i gated, folds into a more compact conformation upon interaction with Clq. Various models for CI 
\ have been proposed, in which the tetramer either interacts with ^he outside part of the Clq arms 
\ (O- and W-shaped models), or is folded within the Clq, arms (S- or 8-shaped models). These 

models are discussed in light of available information and in consideration of the structural 

requirements of CI activation and function. 

Key- Words: CI, serine protease, domain structure, Ca'^* binding. 



IntroauCticn 

It was shown thirty years ago that CI is a Ca^""- 
dependent macromolecular complex com- 
prised of three types of proteins, Clq, Clr, 
and Cls {Lepow et ah, 1963). Since then, a 
large number of studies dealing with the struc- 
ture and function of the Ct subcomponents 
have been carried out (reviewed by Reid, 1983; 
Cooper, 1985; Schumaker et al, 1987; Arlaud 
and Thielens, 1993). It is clearly established 
that CI comprises two subunits, Clq, which 
mediates binding of CI to immune complexes 
and non-immune activators, and Cls-Clr- 
Clr-Cls, a Ca^'*^-dependent tetramer contain- 
ing two serine proteases that are sequentially 
activated when Cl binds to an activator. A 
structural model of Clq was proposed early 
on the basis of amino acid sequence, protease 
digestion and electron microscopy studies 
(Reid and Porter, 1976). This model was later 



shown to be compatible with steric and ener- 
getic constraints at the atomic level {Kilchherr 
et al, 1985). The structure of the Cls-Clr- 
Clr-Cls tetramer, in contrast, has remained 
unsolved for a longer period of time, due to the 
lack of information about the structure of Clr 
and Cls. Elucidation of their primary struc- 
ture and studies involving limited proteolysis, 
electron microscopy and microcalorimetry 
have led to substantial progress in the knowl- 
edge of the domain structure and associated 
functions of these proteases, providing a better 
understanding of the structure of the Cls- 
Cl r-Clr-Cls tetramer. The purpose of this 
short overview is to summarize these 
advances, as well as available information relat- 
ing to the association of Cls-Clr-Clr-Cls 
with Clq, and to discuss current hypotheses 
about the structure of the Cl complex. A 
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detailed description of the molecular architec- 
ture of Clq will be found in specific reviews 
{Reid, 1983. 1989). 

Domain Structure ofClrandCls 

In the proenzyme form, monomeric Clr and 
CI s are single-chain glycoproteins containing 
respectively 688 and 673 amino acid residues. 
Activation of each protease involves cleavage 
of a single peptide bond (Arg-Ile) that yields 
two chains connected by a single disulphide 
bridge (Fig. 1). The B chains, derived from the 
C-terminal part of the proenzymes, are homol- 
ogous to the catalytic chains of type I serine 
proteases and contain the catalytic triad (His, 
Asp, Ser) that characterizes the active site of 



these proteases. The A chains are derived from 
the N-terminal part of the proenzymes, and 
exhibit homologous mosaic-like structures: 
-each can be divided into five structural motifs,- 
including two different pairs of internal 
repeats (I/III and IV A^) and a single copy of 
motif II. Motifs I and III are homologous to 
motifs also found in the human morphogenei- 
ic protcin-1, the embryonal protein UVS.2 
and the A5 antigen from Xaenopus Laevis, and 
the sea urchin protein u EGF (Arlaud and 
Thielens, 1993). Motifs IV and V are tandem 
repeats of 60-70 amino acid residues, homolo- 
gous to a sequence element called "short con- 
sensus repeat" (SCR) or "complement control 
protein repeat" (CCP) found, usually in mul- 



100 
— I— 



200 

— *— 



300 

-H— 



400 4461 

1 IH 



100 

— I— 



200 242 

-H 1 



cTr 



tu 



U ULU U 




-»— 



CIs 



TTTD 



IV 




Of 

H — a2- 



100 



200 
— I— 



300 

— I — 



422 
400 1 

HHH 



100 
— H- 



200 251 
—I 1 



Fig. 1 : Linear representation of the structures of human Clr and Cis. The positions of the amino acid residues (H,D,S) 
involved in the active .site, and of the N-linked carbohydrates (^) are shown. N represents the post-translationally hydro- 
xvlated asparaginc residues. I-IV: structural motifs of the A cnain; a, al , a2, P, y: fragments generated by limited prote- 
olysis. The arrow shows the Arg-Ile bond cleaved on activation. 



tiple copies, in a numbi 
teins sharing the ability 
m and/or C4b, and in oth 
-unrelated -to-the-compl 
al., 1986). Motifs 11 ai 
Epidermal Growth Fzc 
to a family of EGF-like 
various blood coagulati 
terized by the presence 
aspartic acid or a P-hydn 
I a!., 1988). The corrcsp J 
: due is hydroxylated fullj ; 
tially in Cls (ArlaHci ci 
al, 1990a). 

Precise information on 
of Clr and Cls was ob. 
^years"fronrelectron~niIcr 
olysis, amino acid seq 
scanning calorimetry ac 
(reviewed by Arlaud 
Schematically, each mq 
thought to comprise twc 
regions (Fig. 1): (i) an 
corresponding to the N-^ 
chain, responsible for ' 
Cli^Cls interactions iny 
of the G!s-Clr-Clr-Cls 
ic region (y-B) comprise; 
segment , of the A ch 
responsible for the 
involved in the activatio: 
ity of CT. 

The XX regions of Clr an 
teristic low-temperatui 
points 32-37 °C) chatar 
to higher temperatures i 
ions {Busby and Inghaji: 
limited proteolysis with 
trolled conditions, frag 
amino acid residues coi 
regions of Clr and Cl£| 
(Thielens et al., 1990b; 
comprised of motifs 1,1 
following motif III (Fig:; 
Ca^* binding site and 
mediate Ca^"*'-dependent 



Assembly of the Cl Complex 



191 



lie A chains are derived from 
)art of rhe proenzymes, and 
pus mosaic-like structures: 
ed into five structural-motifs, 
different pairs of internal 
i IVA^) and a single copy of 
I and III are homologous to 
I in the human morphogenct- 
: embryonal protein UVS.2 
n from Xaenopus Laevisy and 
srotein u EGF {Arland and 
Motifs IV and V are tandem 
amino acid residues, horn olo- 
:e element called "short con- 
CR) or "complement control 
CCP) found, usually in mul- 



100 200 242 
H 1 1 




B — 1 



H D S 




B 1 



100 200 251 
1 1 i 

s of the amino acid residues (H,D,S) 
;sents the post-translaiionally hydro- 
ragments generated by limited prote- 



in tiple copies, in a number of complement pro- 
|| teins sharing the ability to bind fragments C3b 
l! and/or C4b, and in other proteins apparently 
^fe^unrelated_to_the_complement_system_(Ae/W_ei_ 

M: -1 ino/\ >4-.*:f- TT 1 ^1 — 

Idl,, IViUlUd 11 d.rc llUlllUlUgUUS lU LUC 

Epidermal Growth Factor (EOF) and belong 
to a family of EGF-like domains found, e. g. in 
: various blood coagulation factors and charac- 
terized by the presence of either a p-hydroxy- 
aspartic acid or a P-hydroxyasparagine {Rees et 
ah, 1988). The corresponding asparagine resi- 
I' due is hydroxy lated fully in Clr, but only par- 
r: "tially in Cls {A'rlaud ez al., 1987a; Thielens et 
p al., 1990 a). 

I- Precise information on the domain structure 
1; of Clr and Cls was obtained in the past few 
If yearsfrom electron microscopy,iimited'prote~ 
|; olysis, amino acid sequencing, differential 
|i scanning calorimetry and functional studies 
|: (reviewed by Arlaud and Thielens^ 1993). 
I' Schematically, each monomeric protease is 
k thought to comprise two functionally distinct 
I regions (Fig. 1): (i) an interaction region (ot) 
|i: corresponding to the N- terminal half of the A 
|: chain, responsible for the Ca^^-dependent 
I Clr-Cls interactions involved in the assembly 
I of the Cls-Clr-Clr-Cls tetramer; (ii) a catalyt- 
ic-^ ic region (y-B) comprised of the C-terminal y 
fc _ segment of the A chain and the B chain, 
|- responsible for the enzymatic reactions 
j involved in the activation of Cl and the activ- 
ityofCT. 

% The Of regions of Clr and Cls exhibit charac- 
t teristic low-temperature transitions (mid- 
\', points 32-37 °C) that are abolished, or shifted 
i to higher temperatures in the presence of Ca^"*" 
|- ions {Busby and Ingham^ 1987, 1988). Using 
I' limited proteolysis with trypsin under con- 
}. trolled conditions, fragments of about 200 
|. amino acid residues corresponding to these 
^ regions of Clr and Cls have been obtained 
\ {Thielens ct al., 1990b). These fragments, 
I: comprised of motifs I, II, and part of the 
I' following motif III (Fig, 1) each contain one 
i= Ca^"^ binding site and retain the ability to 
|- mediate Ca^^-dependent Clr-Cls heteroasso- 



ciation. Various experiments {Thielens et al., 

1990a; Illy et al., 1991) indicate that, in Cls, 

the structural determinants required for Ca^* 

binding and_Ca^dependent_Cl r-C Is interac- 
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motif I and the EGF-like motif II of the ol 
region. In addition to its ability to mediate 
heterologous Clr-Cls association, fragment 
Cls Of also retains the ability of native Cls to 
dimerize in the presence of Ca^"*", and this 
homologous (Cls-Cls) association provides 
one additional Ca^'*'binding site {Thielens et 
al:, 199ab). - " " 

A fragment corresponding to the catalytic y-B 
region of Cls can be generated by limited pro- 
teol ysis of Cls with plasmin (Villiers et al ., 
1985), and studies by differential scanning 
calorimetry {Medved et al., 1989) reveal that 
this region contains three independently 
folded domains, corresponding to motifs IV 
and V&f the y segment, and the B chain. This 
finding is consistent with neutron scattering 
experiments {Zaccaitt al., 1990), and indicates 
that monomeric Cls, and probably also mon- 
omeric Clr, comprise at least four distinct 
domains: one or more in the oc region, two in 
the y region, and one in the B chain {Medved et 
al., 1989). In the case of Clr, autolytic cleavage, 
as weU as limited proteolysis by extrinsic pro- 
teases of various specificities yield non-cova- 
lent (y-B)2 homodimers which represent the 
core of the native Cl r-Clr molecule {Arlaud et 
al., 1986). The proenzyme form of these (y-B)2 
regions has also been obtained by limited pro- 
teolysis, and was shown to contain all the 
structural elements that are necessary for 
intramolecular autoactivation {Lacroix et al., 
1989). Neutron diffraction studies are consist- 
ent with a (y-B)2 dimer involving the loose 
packing of the two y-B monomers {Zacca'i et 
al., 1990), and chemical cross-linking exper- 
iments support the hypothesis of a "head to 
tail" configuration with heterologous interac- 
tions between the y region of one monomer 
and the B chain of the other monomer {Arlaud 
et al., 1986). In contrast, electron microscopy 
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after negative staining shows "asymmetric X"- 
shaped molecules compatible with homo- 
logous interactions between the y regions and/ 
—or-the B chains ( W?/55 et al.,-1986; Perjt/«i and 
Nealis, 1989). 

Assembly of the Cls-Clr-Clr-Cls Tetramer 

A number of studies based on ultracentrifuga- 
tion, neutron scattering and electron micro- 
scopy indicate that the isolated Cls-Clr-Clr- 
Cls tetramer is highly elongated. By electron 
microscopy after negative staining (Tschopp et 
al., 1988), the tetramer appears as a linear array 
of 6-8 domains of unequal sizes, with an aver- 
age width of 3-4 nm and a contour length of 
51-59 nm, most of the molecules exhibiting a 
reversed~"S""shape. Neutron scatTeringllatir 
obtained in solution are in agreement with 
these dimensions {Boyd et al., 1983). The above 
findings, and current knowledge of the 
domain structure of Clr and Cls are consis- 
tent with the model of the Ca""^-dependent 
Cls-Clr-Clr-Cls tetramer shown in Figure 2. 
In this model (Villierset al.. 1985), the Clr-Clr 
dimer forms the core of the tetramer, with its 
catalytic (y-B) regions in the centre, each of its 
interaction ( c*) regions being connected to the 
homologous region of a Cls molecule. The 
isolated Cls-Clr-Clr-Cls tetramer binds 4.0 
Ca^* atoms/mol, i.e. one Ca^* atom per a 
region (Thielens et al., 1990b). That Cls forms 
the outer portion of the complex was demon- 
strated by affinity labelling experiments {Weiss 
et ai., 1986). With respect to its overall shape 
and to the linear arrangement of the proteins 
and regions within the tetramer, the model 
shown in Figure 2 is still valid. However, it is 
schematic and obviously needs refinements 
with respect to the precise domain structure of 
Clr and Cls. 

Assembly of the CI Complex 

Compared to the numerous studies performed 
on the individual CI subcomponents, few 
studies dealing with the structure of macro- 
molecular Cl have been carried out and most 




Fig. 2: Model of the Ca^*-dcpcndent Cls-Clr-Clr-Cls 
tetramer: (a) extended conforflgi^tion; (b) compact "8"- 
shaped conformation; (c) open "S^-shaped conformation. 
Ir, Is: interaction (a) regions of Clr and Cls; Cr, Cs: cata- 
lytic (y-B) regions of Clr and Cls. 



of these have used Cl reconstituted from its 
purified subcomponents. Cl reassembled 
from Clq and the Cls-CIr-Clr-Cls tetramer 
has a sedimentation coefficient (15.9-16.3 S) 
and haemolytic activity comparable of those 
of Cl in serum {Ziccardi and Cooper, \977; 
Siegel et al., 1981). At 4°C, the association 
constant for the interaction of proenzyme 
Cls-Cir-Clr-Cls with Clq is only 2-7 x 
10^M~\ and it decreases by a factor of ten when 
the tetramer is activated {Siegel and Schuma- 
kety 1983; Lakatos, 1987). Considering, how- 
ever, that the interaction of Clq with the tetra- 
mer increases with increasing temperature 
{Ziccardi, 1985; Lakatos, 1987), it is likely that 
most, if not all, of proenzyme Cl is complexed 
under physiological conditions {Ziccardi and 
Cooper, 1978). 

Comparative neutron scattering studies per- 
formed on Clq, the isolated Cls-Clr-Clr- 
Cls tetramer, and Cl, strongly support the 



hypothesis that the tetrdi 
compact conformation 
C\q {Perkins et al., 198 
_izcd,on.electron microgri 
cross-linked Cl compie; 
Poon et al., 1983), in 
appears as a poorly defi| 
centrally located on th 
the globular heads and 
top views, the extra mas| 
ally located inside the coj 
arms. In agreement witf 
al., 1977;HsiHng et al., : | 
maker, 1983), electron : 
vides evidence that the si 
for the interaction with 
located in the ^oUagei 



molecule, probably in th; 

Available information s 
ing of Cls-Clr-Clr-Cls 
process involving multlp 
contributed by both Cl 
enzyme Clr alone bi;; 
{Lakatos, 1987), but thi 
forced by fragment Cl^ 
ability of the Ca^"*'-depeii 
Clsof tetramer to form 2 
{Bushy and Ingham, 1^ 
evidence {Villiers et al., 
suggest that the assembl; 
part, ionic. This hypot 
ported by recent stui 
Arlaud, manuscript in p^ 
the involvement of a ms 
between basic (probably I 
collagen-like region of C 
acids of the tetramer, loc; 

A structural and functi 
complex has been elaboj 
years {Colomh et ah, 
1987b). This model was 
the respective locations di 
of Clr and Cls in thece 
the isolated tetramer (Fj 
that each of these regio; 




Assembly of the CI Complex 



193 



:a-*-dependent Cis-Clr-Clr-Cis 
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Cl reconstituted from its 



Cls-Clr-Clr-Cls tetramcr 
tn coefficient (13.9-16.3 S) 
tivity comparable of those 
Ziccardi and Cooper^ 1977; 
I. At 4°C, the association 
interaction of proenzyme 
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;ases by a factor of ten when 
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, 1987). Considering, how- 
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:h increasing temperature 
katos, 1987), it is Hkely that 
Toenzyme Cl is complexed 
tl conditions {Ziccardi and 

:on scattering studies per- 
che isolated Cls-Clr-Clr- 
Cl, strongly support the 



hypothesis that the tetramer folds into a more 
compact conformation upon interaction with 
Clq (Perkins et al., 1984). This can be visual- 
-ized on electron micrographs of the chemically_ 

CtuSS-liiiivcu v>i LUiiipiCA [oirartg ci ai., ijojl^ 

Poon et al., 1983), in which the tetramer 
appears as a poorly defined but compact mass 
centrally located on the Clq arms, between 
the globular heads and the central stalk. On 
top views, the extra mass appears to be essenti- 
ally located inside the cone defined by the Clq 
arms. In agreement with other data {Reid et 
air, 1977; Hsiung et al., 1988; 5/ege/ and Schu- 
maber, 1983), electron microscopy also pro- 
vides evidence that the sites of Clq responsible 
for the interaction with Cls-CIr-Clr-Cls are 
located in t he colla g enous portion of the 



catalytic site and the Arg-Ile bond cleaved 
upon activation, it was proposed that, upon 
interaction with Clq, the tetramer folds into a 
_compact_*18^shaped_conformation„(Fig._2b), 
as this conformation brings the catalytic re- 
gions of Clr and Cls into the same vicinity, 
thereby allowing Cls activation by Cl r. In the 
resulting Cl model, the tetramer is folded 
around two opposite Clq arms, and its overall 
shape is that of a distorted eight, with the a 
interaction regions lying outside the collagen- 
like arms of Clq, and the y-B catalytic regions 
located inside the cone defined by the arms 
(Fig. 3). Once complete activation of Cl has 
occurred, then the tetramer could adopt a 
more relaxed "S"-shaped conformation (Fig. 
2 c ) which could allow the catalytic re gions of 



molecule, probably in the collagen-like arms. 

Available information suggests that the bind- 
ing of Cls-Clr-Clr-Cls to Clq is a complex 
process involving multiple sites that could be 
contributed by both Clr and Cls. Thus, pro- 
enzyme Clr alone binds weakly to Clq 
(LakatoSy 1987), but the interaction is rein- 
forced by fragment Cls a, as shown by the 
ability of the Ca^*-dependent Clsa-Clr-Clr- 
Clsa tetramer to form a pseudo-Ci complex 
{Busby and Ingham, 1990). Several lines of 
evidence (Vz7//er5 et al., 1984; ZzcCiir^//; 1985) 
suggest that the assembly of Cl is, at least in 
part, ionic. TTiis hypothesis is further sup- 
ported by recent studies {Illy, Thielens, 
Arlaud, manuscript in preparation) indicating 
the involvement of a major ionic interaction 
between basic (probably lysine) residues of the 
collagen-like region of Clq, and acidic amino 
acids of the tetramer, located in Clr. 

A structural and functional model of the Cl 
complex has been elaborated in the last few 
years {Colomb et al., 1984; Arlaud et al., 
1987 b). This model was originally based on 
the respective locations of the catalytic regions 
of Clr and Cls in the centre and at each end of 
the isolated tetramer (Fig. 2 a). Considering 
that each of these regions contains both the 



Cls to protrude outside the Clq molecule and 
thereby gain access to its substrates C4 and C2. 

The models proposed by Schumaker et al. 
(1986).and by Weiss et al. (1986) are similar, 
although not strictly identical, to the above 
model. All three models, generally referred to 




Fig. 3: Model of the Cl complex, viewed through the open 
end of the cone defined by the Clq arms. Tlie Cls-Clr- 
Clr-Cls tetramcr, with Clr squared and Cls dotted, is 
shown in the "8 "-shaped conformation. Assembly of the 
complex is proposed to involve a major interaction 
between the interaction (a) regions of Clr and the colla- 
gen-like arms of Clq. Such an interaction is consistent 
with available information, but remains to be demon- 
strated. 
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as S-shaped or 8-shaped models, are compat- 
ible with the electron microscopy appearance 
of CI. They also address the structural require- 

-ments of Gl-activationrand-the-eoncerns-of- 
symmetry Inherent in the interaction between 
the tetramer, which has a 2-fold symmetry, and 
Clq, which exhibits a 3-fold symmetry (Poon 
et al., 1983). The major problem, however, 
about these models, is that it is difficult to 
visualize how the tetramer can readily dissoci- 
ate from Ciq if it is wrapped around and 
between the Clq arms. In the C- or O-shaped 
model proposed by Cooper (1985), the tetra- 
mer is first folded around its two-fold axis, its 
two Clr-Cls halves being stacked together, 
then wrapped in a ring-like fashion around the 

-Clq stems. Per/fem5(-1985,-1989).also.considers_ 
various models on the basis of neutron scatter- 
ing data, including a W-shaped model in which 
the tetramer binds to one side of the Clq 
stems. Both the C- and W-shaped models have 
the advantage of allowing unimpeded dissocia- 
tion of Cls-Clr-Clr-Cls from Clq. However, 
they are not symmetrical, and do not appear to 
be fully consistent with electron micrographs 
which, as mentioned above, indicate that the 
major part of the tetramer is located inside the 
cone defined by the Clq stems. 



Concluding Remarks 

Substantial progress in the knowledge of the 
structure-function relationships of Clr and 
Cls has been made in the last few years, pro- 
viding information that allows an overall pic- 
ture of the Cls-Clr-Clr-Cls tetramer to be 
drawn. It seems to be clearly established, in 
particular from available physicochemical and 
electron microscopy data, that the tetramer 
folds into a compact conformation upon inter- 
action with Clq, but the precise shape of the 
folded conformation remains to be deter- 
mined. Among the various models that have 
been proposed for CI, the S- or 8-shaped 
models are generally considered the most 
plausible, but their validity is not proven. 



Obviously, further progress in the knowledge 
of the structure and activation mechanism of 
CI will require information about the three- 
dimensional structure and the precise function _ 
of the various domains or regions of each sub- 
component, and identification of the complex 
protein-protein interactions involved in the 
assembly of Cl. 
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|: : The complement system proteases Clr and 
I: :; Cls are glycosylated- proteins with highly 
I . elongated shapes. These characteristics make 
|,.. them unfavourable candidates for tertiary 
structure determination by X-ray crystallo- 
Ij; . V|^graphy. However Clr and Cls are mosaic pro- 
teins, and~rre^composednof~s~everahihdepen- 
: dently folding modules. These can be identi- 
. : fied by searching, within the amino-acid 
. : sequences of Clr and Cls, for regions of repet- 
; itive sequence or for regions corresponding to 
consensus sequences of known modules (for 
revi e w, sec Ar laud et Foth ergill et al . , 

1989). Early protein sequencing indicated that 
the B chains of activated Clr and Cls are 
serine protease domains, and analysis of the 
cDNA-derived ainino acid sequences showed 
that the A chains of each contain five modules, 
namley one EGF (epidermal growth factor) 
module, two Clr/s modules and two CCP 
(complement control protein) modules (Fig. 
1). Within the dumbell shape of each Clr or 
Cls molecule, the serine protease domain cor- 
responds to the globular region at one end, the 
two Clr/s and one EGF module are likely to 
form the globular mass at the other end, and 
the two CCP modules probably form the con- 
necting strand (Fig. 1) (Perkins, 1989). 

Information on the overall tertiary structure 
of CI r and Cls can therefore be obtained, not 
by crystallographic studies of the whole mole- 
cules, but by a segmental approach, deriving 
the tertiary structure of each type of module, 
then assembling these structures together to 
form a model of the whole protein. Individual 
modules can be synthcsised as recombinant 



proteins in eukaryotic or prokaryotic expres- 
sion systems, and their tertiary structures 
determined by proton NMR (suitable for 
modules of less than approx. 20 kD), or by X- 
ray crystallography. Structures of modules can 
also be predicted from existing X-ray crystal- 
^ographic'Or-NMR-data-obtained-from-homorL 
logous modules. When tertiary structure data 
on each module are available, it may be possible 
to construct a model of the whole protein, pro- 
vided that accurate information on the shape 
and flexibility of the protein in solution is 
available: this type of information is available 
for Clr and Cls from low angle x-ray and neu- 
tron solution scattering {Perkins and Nealis, 
1989; Perkins, 1989; Zaccai et al.. 1990). 

At the Second Internationa! Workshop on Cl 
in 1988, modelling of the serine protease and 
EGF modules of Clr and Cls was presented 
(Pother gill et al., 1989), based respectively on 
the X-ray crystallographic structure of chy- 
motrypsin (Cohen et al., 1981) and the NMR 
data of Cooke et al. (1987). Since that time, 
there has been rapid progress, presented 
below, in defining and characterising the other 
two module types, Clr/s and CCP. 

The Clr/s Module Superfamily 

Clr and Cls both contain two homologous 
sequences, about 110 amino acids in length, 
that flank their EGF modules (Leytus et ah, 
19S6;Journet and Tost, 1986; Mackinnon et al., 
1987). This structure was originally detected 
only in these proteins and was called the "Clr/ 
Cls specific repeat". Now it has been found in 
a large number of proteins, and will be referred 
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Fig. I: The Clr/s module superfamily. The modular structure of proteins which contain the Clr/s domain is shown. The 
references for the proteins shown in this figure are given in the legend to Figure 2 except for purple sea urchin fibropellin 
[Delgadillo-Rcynoso, A/. G. et a!., 1989» J. Mo!. Evol. 29, 314-32?,] common sea urchin bias tula pro tease- JO (B?\0)[Ca- 
cht% C. EMBL accession: S22060] and rabbit ps4e [Liau, G. et al., EMBL accession: M8638I .] The modules and pro- 
tein domains are defined on the figure. T and P represent regions that arc threonine and proline rich, respectively. Only 
the C-termina! end of the UVS.2 protein has been sequenced and this is indicated by the incomplete astacin domain 
shown on the figure. 



to as the Clr/s module. The chai^cteristics of 
proteins containing Clr/s modules are shown 
in Figure 1, and comparison of the sequences 
of different Clr/s modules is shown in Figure 
2, together with a consensus sequence. 

Calcium-dependent serine protease (CASP) 
from malignant hamster embryo fibroblasts 



has an identical modular organisation to Clr 
and Cls (Fig. 1). CASP has greater than 80% 
sequence identity with human Cls and there- 
fore CASP Is likely to be the hamster analogue 
of Cls. CASP is thought to have a role in the 
degradation of extracellular matrix proteins 
including types I and IV collagen and fibro- 
ncctin. Activated human Cls has also been 
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Fig. 2: Clr/s module multiple sequi 
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Fig. 2: CI r/s module multiple sequence alignment. A multiple sequence alignment of members of C 1 r/s module super- 
fannily. The alignment was generated using the AMPS programme f5ar/o». G, L, 1990. Methods Enzymol. 
403-428.] A bias of 8 \vas added to each term of the mutation data matrix and a break penalty of 6 was used. 100 random 
runs were performed for each pairwise comparison to allow calculation of mean random scores. The distances^ In stan- 
dard deviation units, of pairwise scores from mean random scores, for a particular comparison, were used to order the 
sequences. The abbreviations used for protein names are: A5PP = Xenopus Uevis A5 protein precursor [Takagi, S. ct al., 
1991. Neuron 7, 295-307]; AQNl = Boar spermadhesin AQN-1 [CalveteJ.J. et aL, 1992. Eur. J. Biol. 205, 645-652]; 
AQN3 = Boar spermadhesin AQN-3 [Sam, L. et al., 1991 . FEBS Lett. 291, 33-36]; AWN - Boar spermadhesin AWN 
[Sanz, L. et al., 1992. Biochim. Biophys. Acta 1119, 127-132]; BMPl " Human bone morphogenic protein- 1 [WozneyJ. 
M. et aL, 1988. Science 2-^2, 1528-1534]; CASP =« Hamster calcium-dependent serine protease [XwosAiV^i, H., 1989. FEBS 
Lett. 2$0. 411-415]; pH = Mouse pl4 [Lecain, E. et ah, 1991. J. Neurochem. 56, 2133-2138]; TLD = Drosophila dorsal- 
ventral patterning gene tolloid [Shimell, M.J, et al., 1991. Cell 67, 469-481]; TSG6 = Human tumour necrosis factor- 
Inducible protein-6 [Lee, T H. et al., 1992. J. Cell Biol. 116, 545-557]; SpAN = Purble sea urchin very cary blastula stage 
protein SpAN [Reynolds, S. D. et al., 1992. Development 114, 769-786]; UVS2 = Xenopus laevis UVS.2 protein [Sato, S. 
M, and Sargent, T. D., 1990. Dev. Biol. 137, 135-141; EMBL accession: M27162]; CON = Clr/s module consensus 
sequence. An amino acid residue is included in the consensus if it is present in 50% of the sequences, h is used to denote 
an aliphatic hydrophobic residue and + is used where both arginine and lysine are present. The disulphide bond organisa- 
tion is shown. 
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reported to degrade types I and II collagen 
{Yamaguchietsi., 1990; Sakiyama et ah, 1991). 
In Clr, Cls and CASP an EGF domain is 

—sandwiched be tween two-Cl r/s.niodules._Two_ 
other proteases contain such a Clr/s-EGF- 
Clr/s (CEC) cassette. They are human bone 
morphogenic protein-1 (BMP-1) and the fruit 
fly tolloid gene product (Fig. 1). BMP-1 is 
comprised of an N-terminal domain, found 
originally in a crayfish (Astacus fluviatilis) 
zinc mctalloproteinase, a Clr/s module, a 
CEC cassette and a short non-homologous 
region. The tolloid gene product is very similar 
to BMP-1 but has an additional EGF and two 
contiguous Clr/s modules at its C-terminal 
end. BMP-1 and the tolloid gene product are 

-also_thoughtJohaye_similarLfunctjpns 
BMP-1 is involved in the formation of bone 
and cartilage in humans and tolloid regulates 
dorsal- ventral pattern formation in embryonic 
Drosophila, Both proteins are believed to 
mediate the binding to, and proteolytic pro- 
cessing of, TGF-(5-related proteins (i.e., 
human BMP-2 and Drosophila dpp gene pro- 
duct), and thus take part in a growth- inducing 
signal transduction (Hecht and Anderson, 
1992). 

Three other Clr/s module superfamlly mem- 
bers that contain an astacin metalloproteinase 
domain are involved in embryonic develope- 
ment, namely Xenopus laevis UVS.2, Strongy- 
locentrotHS purpuratus (purple urchin) SpAN 
and ParacentrotHs lividus (common urchin) 
blastula protease-10 (BPIO) where BPIO is 
probably a species analogue of SpAN. Their 
modular structures are shown on Figure 1. 
UVS.2 is involved in dorsal -ventral tissue 
differentiation in Xenopus embryos and 
SpAN in very early blastula stage development 
of the purple urchin animal-vegetal axis. 
Another embryonic urchin protein, fibropel- 
lin, contains a Clr/s module (Fig, 1). Fibropel- 
lin, which has two alternatively spliced forms 
with either 12 or 20 EGF domains, is a major 
component of the extracellular matrix (hyaline 
layer) forming a fibrous coat that surrounds 



the embyro during development and is essen- 
tial for holding the blastomeres together (Bis- 
grove et al., 1991). The C-terminal end of 
_fibrpp_ellin_is_honiQlogou s to avidin a nd is^ 



Dnine-rich probably being 
heavily O- glycosylated. The discovery of the 
Clr/s module in echinoderms indicates this 
module evolved before invertebrate/vertebrate 
divergence (i.e., greater than 500 million years 
ago). 

The A5 antigen from Xenopus laevis is a neu- 
ronal cell surface-protein that is thought to be 
involved in the neuronal recognition between 
optic nerve fibres and the visual centres during 
development. A5 comprises two N-terminal 
Clr/s modules followed by two discoidin 
^odules'(founci "i n~discoid inraslimemoldlec-^ 
tin, and coagulation factors V and VIII), a 
non-homologous domain, a transmembrane 
segment and a short intracytoplasmic 
sequence (Fig. 1). Mo^se pl4, expressed at 
high levels in adult mouse brain as well in a 
wide range of other adult tissues, also contains 
two N-terminal Clr/s modules and C-termi- 
nal non-homologous region (Fig. 1). 

The human protein TSG-6 is secreted from 
fibroblasts in response to the inflammatory 
cytokines TNF a or IL-1 and consists of an N- 
termlnal, hyaluronate- binding, link module 
and a C-terminal Clr/s module (Fig. 1). It 
seems likely that TSG-6 is involved in fibro- 
blast adhesion and migration at sites of inflam- 
mation and wound repair. A likely role for the 
Clr/s module in this protein is carbohydrate 
and/or collagen binding. Databank searching 
with the TSG-6 sequence has identified a 
serum-induciblc gene from rabbit smooth 
muscle cells which shows a high degree of 
identity with TSG-6 and is therefore likely to 
represent rabbit TSG-6. 

Three proteins from wild boar sperm have 
been identified that consist solely of a single 
Clr/s module (Fig. 1), namely AQN-1, 
AQN-3 and zona pellucida-binding protein 
AWN (R Bork, personal communication). 
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> during development and is essen- 
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These proteins, which are associated with the 
sperm surface, are known as spermadhesins 
and play an important role as counter-recep- 
-tors-for^carbohydratc_struc t ur es attached to 
the oocyte zona pellucida glycoproteins dur- 
ing fertilization. 

The Clr/s module is based on a consensus 
sequence of 4 cysteines (Fig. 2) which are di- 
sulphidc bonded in a pattern of cysteine 1-2 
and cysteine 3-4 (Hess et al., 1991; see refs. for 
AQN-1 and AQN-3 in legend to Fig. 2). Only 
in the first Clr/s module of Clr, Cls and 
CASP arc the first two cysteines missing. In 
Figure 2, a multiple sequence alignment of 26 
Clr/s modules is shown, and it can be seen 
that there are many highly conserved residues. 
" At presenfthcre areno tertiary-structure data- 
on this protein module, although work on 
determining structures of Clr/s modules, 
from Clr or Cls and from other proteins, is 
being pursued in several laboratories. Second- 
ary structure prediction based only on the 
Clr/s modules from Clr and Cls (Perkins^ 
1989) indicates that the module has a globular 
structure with P strands and turns, and a low 
content of a helix. 

In Clr and Cls the function of the individual 
modules is partially established. The EGF 
domains of Clr and Cls contain a Ca^"*" ion- 
binding consensus which is found in many 
EGF modules (Handford et al., 1991). There is 
abundant evidence that the EGF modules in 
Clr and Cls bind calcium ions, and that cal- 
cium ions stabilise the conformation of this 
module. The EGF module, together with the 
two Clr/s modules, form a globular mass at 
one end of the dumbell shape of Clr or Cls 
(Fig. 1). This region of the molecule mediates 
the Ca^^-dependent Cls-Clr interaction (and 
Cls dimerisation), and interaction of the Clr2 
Cls2 complex with Clq (Arlaud et al., 1989; 
Medvedti al., 1989; Thiclens, et al., 1990 a, b). 
It seems likely that the Clr/s modules in Clr 
and Cls mediate their interaction with the col- 
lagen "stalks" of Clq (or possibly with carbo- 
hydrate attached to the collagen) and probably 



also play a role, along with the EGF domain, in 
the formation of the tetrameric complex. 

For most of the other members of the Clr/s 
"superfamily there are little or no data- to sug- 
gest what the role of this module is. In the case 
of the spermadhesins which consist of a single 
Clr/s module it seems clear that it is perform- 
ing a lectin function. Although the sperm- 
adhesins are the most distantly related mem- 
bers of the Clr/s suberfamily, this carbohy- 
drate-binding function may be a general fea- 
ture. For example, in sea urchin f ibropellin car- 
bohydrate binding of the N-terminal Clr/s 
module to the glycosylated avidin domain of 
another fibropellin molecule would allow 
head-to-tail association. If the avidin tail could 
-bind~several-Gl r/s-modules-at-once (3- for_ 
example) coupled with the existence of two 
forms of fibropellin, with different lenghts of 
spacer arm (12 or 20 EGF modules), this 
would^allow the construction of a complex but 
geometrically regular fibrous coal. 

The Clr/s module is found in a number of pro- 
teins that are involved in developmental proc- 
esses. In these sugar binding may or may not 
be involved in their function. The Clr/s 
module is probably responsible for a wide 
range of protein and carbohydrate interaction 
and this will become clearer as more Cir/s 
superfamily proteins are identified and more 
functional data becomes available. 

The CCP Modules 

The nomenclature of the remaining module 
type is confusing, as it has been referred to as 
an SCR (short consensus repeat or short 
complement repeat), a B-type module (from 
its first observation in factor B), a C-module 
(denoting the association with complement), a 
sushi domain and a CCP (complement control 
protein repeat). Rapid progress in module char- 
acterisation is likely to generate a systematic 
nomenclature within a few years. This com- 
mon module type, of which more than 150 
examples are known, occurs in many comple- 
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ment proteins, including the control proteins 
Factor H, CRl, C4bp, DAF and MCP. in the 
receptor CR2, in the proteases Clr, Cls, Fac- 
tor B"andG27and in the terminal eomponents- 
C6 and C7 The same module type also occurs 
in many non-complement proteins, such as the 
selectins, coagulation factor XIII b chain, P 2 
glycoprotein 1, and IL-2 receptor (Reid and 
Day, 1989; Sim and Perkins, 1989). Within the 
complement proteins, the occurrence of this 
module type is associated with binding to one 
of the three homologous proteins, C3, C4 or 
C5. In Cls, there is evidence that one or both 
of the CCP domains is involved in interaction 
with the Cls substrate, C4 (Matsumoto et al., 
1989). 



many different CCP modules, one region is 
seen to be particularly variable in length and 
sequence, and this is accommodated in a 
-hyper-variable^loop_(Fig. 3) . The conserva- 



Rapid progress has been made in determining 
tertiary structures of CCP modules (Barlow et 
al., 1991, 1992. 1993; Norman et al.. 1991). 
CCP modules from complement factor H, 
which is made up of 20 contiguous CCP 
modules, have been synthesised in a yeast 
expression system, and the tertiary structures 
of three single modules (H-16, H-5 and H-15) 
have been determined by 2D-NMR. The 
structure of a double module (H-15 + H-16) 
has also been examined to establish how 
modules interact with each other. Comparison 
of the three single modules shows that all three 
have a highly conserved tertiary structure, 
although the extent of amino acid sequence 
identity between them is only 30-40%. H-15 
and H-16, for example, are respectively 61-62 
and 58-59 residues long, and have only 22 
amino acid identities (Barlow et a!., 1993). 
Very similar globular structures were observed 
in all three cases, with a hydrophobic core 
wrapped in p strands. A ribbon diagram repre- 
sentation of the tertiary structure is shown in 
Figure 3. The N-and C-termini are at opposite 
poles of the long axis of the molecule, and the 
two disulphide bridges, formed between 
cysteines 1-3 and 2-4, are close to the N- and 
C-terminus, respectively. Variations in 
sequence length are accommodated in a num- 
ber of external loops (Fig. 3). In comparison to 



lion of core tertiary structure indicates that it 
is feasible to model the core structures of all 
CCP domains on the basis of the existing 
experimental structures, and this has been 
done, for example, for the fifth CCP domain of 
p2 glycoprotein 1 (Steinkasserer et al., 1992) 
Modelling of longer external loops of variable 
sequence, however, may be inaccurate. A mul- 
tiple sequence alignment of 150 CCP modules 
has been used to produce the alignment of the 
CCP modules of Clr and Cls with the 
sequence of H-16 (Fig. 3). The multiple 
_se.quence_compar ison in creas es the rel iability 
with which segments of the Clr and Cls 
sequences can be assigned to loop or turn re- 
gions of the experimentally-determined terti- 
ary structures. 

Clr and Cls each contain two contiguous 
CCP modules. Recent studies of the double 
domain H-15 + H-16 in factor H (Barlow et 
al., 1993) show how CCP modules are 
connected to each other, and give information 
on the likely degree of flexibility (bending and 
rotation) between the modules in Clr and Cls. 
Medved et al. (1989) have shown in calorime- 
tric studies that the two CCP modules of Cls 
unfold independently: consistent with this, in 
the H-15 + H-16 recombinant protein, the two 
modules fold autonomously, and there is only 
a small area of contact between the two 
modules (Fig. 4). This area of contact is made 
up from portions of the side chains of Phe 40 in 
H-15, and Tyr 25 in H-16, with contributions 
from His 13 and Arg 41 in H-15, and Leu 3 in 
H-16 (numbers for H-16 correspond to Fig. 3: 
in Fig. 4 the corresponding numbers for H-16 
residues are Leu 64 and Tyr 86). The aromatic 
residues contributing to the area of contact are 
conserved in the Clr and Cls CCP modules 
(corresponding to Tyr 25 and Phe 37 in H-16, 
Fig. 3). The contact between the two modules 
limits the angle between their long axes, such 
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Fig. 4: Structures for H 15-16 calculated from nmr spectra. 
: (a) Backbone traces for 27 calculated structures after superposition of the H-15 component (i. e. using Ca , C and N of 
V. residues 2-20 and 26-62). This illustrates that the relative orientation of the two modules is not precisely defined by the 
" data. 

:""(b)-A mcKjule-by-modulc 5uperposition.(i. e.jising C« . C and N of residue s 2-20 and 20-62, or 63-78 and 84-119), for 
':: : 27 structures onto the equivalent atoms of the minimised average structure (nbt"drawn)rResidue 63 is omitted forclarity. - 

: This shows that each module is well defined by the data. 
:;: (c) Backbone atoms of the average structure (two different rotations) shown by athin line with side chains of the 8 Cys and 
2 Trp residues. Tyr34,Tyr92, Hisl3, Leu64, Phe40 and Tyr86. Some of the residues thought to contribute to the hydro- 
* phobic pocket at the interface are labelled. Note in this figure residue numbering is from the beginning of H-15, and does 
oi- not correspond to the H- 16 numbering in Figure 3. See text for details. 



that they take up a tilted orientation. Relative 
rotation around the long axes of the modules is 
only moderately restricted. 

The data represented in Figures 3 and 4 and in 
Barlow et al. (1991, 1992, 1993) provide a basis 
for modelling of the CCP modules of Clr and 
:„C 1 s,_and JroiTyFigure_3^)^m 
and comparison with the published data, it can 
be ascertained which residues are on the 
hypervarJable loop, and which are internal or 
surface-exposed. This information provides a 
basis for manipulation of the activities of the 
modules, by site-directed mutagenesis or 
development of antibodies against surface 
loops. Within a short time, tertiary structure 
data for the Clr/s module will also become 
available, and modelling of the entire Clr/s 
molecules can be attempted. 

Acknowledgements 

A. J. Day is supported by the Arthritis & 
Rheumatism Council (grant no D0067). P. N. 
Barlow, A. Steinkasserer and I. D. Campbell 
work within the Oxford Centre for Molecular 
Sciences (OCMS). 

References 

Arlaud, G.J., Thielem, N. M, ii-Ande, C A. (1989) Struc- 
ture and function of Clr and Cls: current concepts. 
Behring Inst. Mitt. 84, 56-64. 

Barlow, P. N., Baron M., Norman, D., Day, A.}., Willis, A. 
C. Sim, R. B. & Campbell, /. D. (1991) TTie secondary 
structure of the complement control protein module by 
two-dimensional 'H-NMR. Biochcmisiy .30, 997-1004. 

Barlow, P. N., Norman, D., Steinkasserer, A., Home, TJ., 
Pearce, J., DriscoU, R C, Sim, R, B. & Campbell, /. D. 
(1992) Solution structure of the fifth repeal of Factor H: a 
second example of the complement control protein 
module. Biochemistry i7, 3626-3634. 



Barlow, R N., Steinkasserer, A., Norman, D. G., Kieffer, 
B., Wiles, A, R, Sim, R. B. & Campbell, /. £». (1993) Solu- 
tion structure of a pair of complement modules by NMR. 
J. MoL Biol. 232, 268-284. 

Bisprove, B. W, Andews, M. E. & Raff, R. A. (1991) Fibro- 
pellins, products of an EGF repeat -containing gene, from 
a unique eirtracellular matrix structure that surrounds the 
sea urchin embryo. Dev. Biol. 146, 89-99. 

Cohen, G. H,, Silverton, £. W & Davies, D. R. (1981) 
-Refined crystal structufie^g-chymoiryps^^^ 
lution. Comparison with other pancreatic serine prb~ 
teases. J. Mol. BioL 148, 449-479. 

Cooke, R, M., Wilkinson, A. ]., Baron, M., Pastore, A., 
Tappin, M ]., Campbell, 1. D., Gregory, H. & Sheard, B. 
(1987) The solution structure of epidermal growth factor. 
Nature J2;; 339-341. 

fothergill, J„ Kemp, G., Paton, N., Carter, R & Gr^iv, R 
(1989) The structures of human Clr and Cls and their 
relationship to other serine proteases. Behring Inst. Mitt. 
84, 72-79. 

Handford, R A., Mayhew, M., Baron, M., Winship, R 
Campbell, L D. & Brownlee, G. G. (1991) Key residues 
involved in calcium-binding motifs in EGF-like domains. 
Nature J^/, 164-167 

Hecht, RM.&c Anderson, K, V (1992) Extracellular pro- 
teases and embryonic pattern formation. Trends Cell Biol. 
2, 197-202. 

Hess, D., Schaller,J. &L Rickli, £. £. (1991) Identification 
of the disulphide bonds of human complement Cls. Bio- 
chemistry JO, 2827-2833. 

Journet, A. & Tosi, M. (1986) Cloning and sequencing of 
full-length cDNA encoding the precursor of human 
complement Clr. Biochem. J. 240, 7Si-7S7. 

Leytus, S. R, Kurachi, K., Sakariassen, K, S. & Davie, E. W 
(1986) Nucleotide sequence of cDNA coding for human 
complement Clr. Biochemistry 2S, 4855-4863. 

Mackinnon, C. M,, Carter, R E., Smyth, S.J. Dunbar, B, 
&C Fothergill,]. E. (1987) Molecular cloning of cDNA for 
human complement component Cls. Eur. J. Biochem. 
169, 547-553. 

Matsumoto, M., Nagaki, K., Kitamura, H,, Kuramitsu, S., 
Nagasawa, S. & Seya, T (1989) Probing the C4-binding 
site on Cls with monoclonal antibodies. Evidence for a 
C4/C4b-binding site on the gamma-domain. J. Immunol. 
142, 2743-50. 

Medved, L V, Busby, T.ESc Ingham, K. C. (1989) Calori- 
metric investigation of the domain structure of human 



40 



A,}, Day, R N. Barlow, A. Steinkasserrr, L D. Campbell R. B. Sim 



complement Cis - reversible unfolding of the short con- 
sensus repeat units. Biochemistry 28, 5408-5414. 

^'orman^D. G., Barlow^ P. Baron, M., Day, A, J., Stm, 
R, B76rCampbeilri~Dr{m\ )-Thc three-dimensional- 
structure of a complement control protein niOuulc in solu- 
tion. J. Mol. Biol. 219, 717-725. 

Perkins, S. J. (1989) Models for the Cl complex dctci^ 
mined by physical techniques, Behring Inst. Mitt. 84, 
129-141. 

Perkins, SJ. & Neaiis, A, S. (1989) The quaternary struc- 
ture in solution of human complement Clr^Clsj. Bio- 
chem.J.26J, 465-469. 

Reid, K. B. M.dcDay, A.J. (1989) Structure-function rela- 
tionships of the complement components. Immunol. 
Today /OJ 77- 181. 

Sakiyama, H., Yamaguchi, K., Chiha, K., Nagata, K., 
Taniyama, C, Matsumoto, M., Suzuki, C, Tanaka, K., 
~ T6fn6asdwa^T:;~YasukawarM.~Kuriiwa,-K,' &C- Sakiyama, - 
5. (1991) Biochemical characterisation and tissue distribu- 
tion of hamster complement Cls. J. Immunol. 146, 
183-187. 



Sim, R. B. be Perkins, SJ. (1989) Molecular modelling of 
C3 and its ligands. Curr. Top. Microbiol. Immunol. 1S3, 
209-222. 

Steinkasserer, A., Barlow, P. N,, Willis, A. C, Kertesz, Z., 
^CdmppUrIrO::SirnrRrBr6c-Norman,-DrG^^^ 
viiy, disuiphide mapping and structural modelling of the 
fifth domain of human (i2-glycoprotein I. FEBS Lett. J13, 
193-197 

Thielens, N. M., Ande, C. A,, Lacroix, M. B., Gannon, J, 
& Arkud, G. J. (1990a) Ca2+ binding properties and 
Ca2+-dependent interactions of the isolated N-terminal 
alpha fragments of human complement proteases Cir and 
Cls. J. Biol. Chem. 26S, 14469-14475. 

Thielens, N. M,, van Dorsseiaer, A., Gagnon,J. 6c Arlaud, 
G.J, (1990 b) Chemical and functional characterisation of 
a fragment of Cls containing the epidermal growth factor 
homology region. Biochemistry 29, 3570-3578. 

Yamaguchit K,, Sakiyama, H., Moriya, H,, Matsumoto, 
M. & Sakiyama, S. (1990) Degradation of types 1 and 11 
collagen by human Cls. FEBS Lett. 268, 206-211. 

-Zaccai,J^.,.Audc,C^A,, Thie^ M. biArlaud^G.l 
(1990) Neutron-scattering study of the caralyticT" 
domains of complement proteases Cir and Cls. FEBS 
Lett. 269, 19-22. 



Behring Inst. Miti., No. 93j 

Serpin Structures 

R.A.KNGH. A.j.SCHuji 
"Max^Planck^Institm'fuFBiG 

Introduction 

The strong interest in % 
family is generated by 
siological roles, and th 
erties. Several dozed 
identified among plart 
higher animals; they i \ 
nase inhibitors, althd 
identified with other f 
the serpins are the ma| 
-make-up_aboutJO%_ 
tent in plasma. They 
roles in a diverse range i 
ses, including zymogen 
activation, blood co 
digestive processes, tu 
vasion during metasti 
genetic deficiencies hi 
tions of serpins. Man^ 
unusual mobile bchav 
rearrangements accom 
tions. This unusual bi 
with the first X-ray st 
serpin alpha- 1-proteini 
has been highlighted b; 
on serpins. These feafj 
unprecedented way i 
adaptability of protcid 
fications for the un^ 
function, folding, and 

Scope of this Paper 

A large number of serp: 
over the past decade, d 
mechanism of inhibits 
1983), physiological ii| 
Patston, 1991), their rj 
{Crystal, 1991), to na' 
cussion of spatial str 
rdly 1989) has relied 



STIC-ILL 



From: 



Sent: 
To: 

Subject: 



Borrower's Name 
Org or A.U. 

Phone 
Serial Number 
Date of Request 
Date Needed by 



Romeo, David 

MondaypJune 04i-2001-1t30 PM — ' 

STIC-ILL 

09503421 Rosano C L; Braun C B; Hechemy K E; Parhami N; Satoh P S; Hurwitz C 



David Romeo 

1647, Mailbox, 10E18 

305-4050 

09503421 

04 June 01 

06 June 01 



PLEASE COPY REFERENCE 



AU 
TI 

SO 

AN 



"^RosaTio^"C"X~Braun~ C™B";~Hechemy— -E-;— Parhami— N; 
Inhibition of Clq functions by RHP, a protei, 
in sera from patients with rheumatoid ar 
COMPLEMENT, (1988) 5 (2) 57-64. 
Journal code: DOB; 8409977. ISSN: 0253-5076. 
88242190 




1 



Original Papers 



Complement 5: 57-64 (1988) 



©I988S. Kargcr AG. Basel 
O253-5O76/88/O052-O057$2.75/O 



Inhibition of Clq Functions by RHP, a Protein Elevated in 
Sera from Patients with Rheumatoid Arthritis 

Carmen L. Rosano. Catherine B. Braun. Karim E. Hechemy. Nourollah Parhami 
Paul S. Satoh. Charles Hurwitz 

l^rX V ""rr"' Medical Center, and Wadsworth Center for Laboratories and 

Research. New York State Depanment of Health. Albany. N.Y.; 
The Upjohn Co.. Kalamazoo. Mich., USA 



J ;: Key Words. Clq • RHP • Rheumatoid arthritis - Oxidative metabolism of 
'?|:: polymorphonuc^ , Disaggregation of CI 

li Abstract. We have previously shown that serum levels of Clq, unbound to CI r X CI s are 
Ig^evated m d^eumatoid arthritis. We have also shown that RHP, a new!y described sen:rT. 
:|::: p^^^ which affects the Clq-anti Clq precipitin reaction, is also present at elevated levels 
rheumatoid arthritis. We now show that RHP inhibits the hemolytic activity of Clq 
^.6ls^m^&^^ CI , and inhibits the ability of CI q bound to latex beads or to aggregated IgG to 
III eWiance the oxidative metabolism of neutrophils. 



i:;;::;: Introduction 

i?: : We have previously shown that serum 
lyjevels of Clq unbound to Clr X Cls are ele- 
|!f^ted in patients with active rheumatoid ar- 
|||iritis (RA) uncomplicated by vasculitis [1], 
not in patients with other arthritides [2, 
>3J. The finding of elevated serum levels of 
Jl^fQ in RA has been confirmed by Ochi et al. 
•If!: significance of elevated Clq in RA 
|?^:iiot clear. However, it has been shown that 
v^ yariety of cells including neutrophils, mac- 
/pphages and lymphocytes possess specific 
•gembrane receptors for Clq [5-9]. In addi- 



tion. Tenner and Cooper [10] have demon- 
strated that Clq bound to latex beads or to 
aggregated IgG, enhances the generation of 
oxygen radicals by neutrophils. Thus, Clq 
may play an important role in the pathogen- 
esis of tissue damage in RA. 

Recently, we have isolated and purified 
from the sera of patients with active RA a 
protein (designated RHP) which enhances 
the size of the Clq-anti Clq precipitin ring 
[11]. This protein has a molecular weight of 
1 35 kilodaltons and an isoelectric point of 
5-1^5.3. Immunological evidence suggests 
that RHP may be a newly discovered serum 
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0.3 



^ 0.2-- 



«-0..1 



-135 kilodaltons 



0.11 
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Tube number (2.5 ml per tube) 




- - 0.08 



0.05 



FiB 1 Partial purification of RHP from the SI extract of the euglobulin fraction by chromatography on 
DEAE^ellulose. T^^e SI fraction is a 0.026 M EGTA extract of the euglobulin fraction, column was euled 
with 0 05-0 15 M NaCI gradient in equilibrating buffer. pH 7.3. The details are described in Materials and 
M^ods The insert illustrates the SDS-PAGE of the proteins i. peak !I in the presence of P-mercap.o- 
ethanoL 



protein since only one precipitin arc was 
formed by immunoelectrophoresis of RHP 
against anti whole human serum, and a sin- 
gle arc having the same electrophoretic mo- 
bility was formed when whole human serum 
was immunoelectrophoresed against anti- 
RHP. RHP also did not react with antisera 
against rheumatoid factor, C-reactive pro- 
tein, orosomucoid, haptoglobin, C3, trans- 
ferrin, hemopexin, alpha- 1 -antitrypsin, fac- 
tor H, C4-binding protein, human glycopro- 
tein, alpha-2-macroglobulin and ceruloplas- 
min. The possibilities that RHP might be 
either the chondroitin-4-sulfate Clq inhibi- 
tor or the Clq inhibitor isolated from lym- 
phocyte membrane were also eliminated 
[12]. In the current study, we have demon- 



strated that RHP disaggregated CI complex, 
inhibits hemolytic activity of the comple- 
ment system, and the ability of Clq to en- 
hance the oxidative metabolism of neutro- 
phils. 



Materials and Methods 

Isolation of RHP 

RHP was isolated and purified by a proceduit 
modified from thai previously described [11]. The 
euglobulin fraction from 8 ml of pooled serum ol> 
tained from patients with active adult RA was di&^ 
solved in 4 ml of 0.5 M NaCl-0.01 A/EDTA, and dia- 
lyzed for 1 8 h against 1 ,400 ml of 0.026 M EGTA. pH: 
7.5, to obtain the supernatant fraction (SI) whicb 
contained about 12 mg of protein. The SI eluate was 
dialyred against 0.04 A/Tris buffer, pH 7.3, contain 
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: :^Fig. 2. H igh.pressureJiq u id_ch ro: 
taaiography of the proteins in peak 11 
i£ of figure ^ The proteins in peak I I of 
:j- fijgure 1 ^crc lyophilized, dissolved 
Ifjp distilled water, and dialyzed 
against equilibrating buflcr (0.1 M 
&r,odium sulfale-sodium phosphate, 
i::;ij>H 6.8). Two hundred microliters of 
y ihe dialyzed proteins (80 >ig) were 
;;^pplied to a 60-cm high pressure liq- 
Y^id chronnalography gel filtration 
iitcolumn (Biorad TSK 250) which was 
ijiiyuted with the equilibrating buffer 
:i;at 250 psi and a flow rate of 
inl/mih. 
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: :iftg 0.002 M EDTA, and then applied to a DEAE-cel- 
•;lulose (40 X 0.9 cm DE 52, Whatman, Clifton. N.J.) 

equilibrated with the same buffer. The column was 
^ ^then eluted with a 0.05-0.15^ NaCl gradient in 
" equilibrating buffer as illustrated in figure I. 

The proteins in peak II were dissolved in I ml dis* 

{filed water and then dialyzed against an equilibrating 
Vbuffer (0.1 M sodium sulfate-0.02 A/ sodium phos- 
Ifiiphate, pH 6.8). Two hundred microliters of the dia- 
:::;|[yzed proteins from peak II were then applied to a 
if: high pressure liquid chromatography gel filtration 
lipolumn (Biorad TSK 250. 60 cm) which was isocrati- 
liiiscally eluted with the equilibrating buffer at 250 psi 
"iand a flow rate of 1 ml/min (fig. 2). 

' Measurement of Hemolytic Activity Initiated by 

CJq 

Clq was added to 30 ^il of a 1:1 dilution of Clq- 
i depleted serum [13] and 0.2 ml of a 1:5 dilution of 
: ?iheep red blood cells (3 X 10^) in Veronal buffer, pH 
::7.;3, containing 0. 1 % of bovine serum albumin. He- 
rhiolysis was measured as the increase in absorption at 
. 412 nm after 25 min at 37 °C. 

" ■■** That the sheep red blood cells were sensitized by a 
:i:|ttixture of IgG and IgM heterophile antibodies was 
.:ihdicated by the finding that exposure of the Clq- 
::;^pleted serum to \OmM P-mercaptoethanol for 
::3.0min reduced the hemolytic activity by about 12%. 
ijiJhat the complement system was otherwise intact in 
'i^o. Clq-dcpleted serum was shown by the finding 
>h^i hemolysis of the sheep red blood cells required 
•"^i^dition of Clq in a dose-dependeni manner. 



Determination of CI and Its Subunits by 
Immunoelectrophoresis 

Dissociation of CI by RHP was measured by a 
modification of the procedure of Laurcll et a!. [14). 
Thirty micrograms of CI r and of Cls (obtained from 
Dr. D,H. Bing. Center for Blood Research, Boston, 
Mass.) were added to 66p.g of nonaggregaled Clq 
(Calbiochem) and the mixture was dialyzed for 5 h at 
4*C against Tris-barbituratc buffer containing 
2.5 mM Ca**. To obtain nonaggrcgated Clq, the Clq 
obtained from Calbiochem was ccntrifugcd for 
1 0 min at 1 0,000 rpm. Twenty microliters of this dia- 
lyzed mixture were placed in each well in 1 % agarose 
containing the same buffer, and the equilibrium mix- 
ture was electrophorcsed for 3 h at 100 V. The paths 
of migration of the gel strips were excised and again 
immunoelectrophoresed for 3 h at 100 V in I % aga- 
rose containing EDTA-Tris barbiturate buffer and a 
1:40 dilution of anti-Cls (Atlantic Antibodies). After 
rinsing with saline and water followed by dcproteini- 
zation, the precipitin areas corresponding to CI, Clr 
X Cls and Cls were visualized by staining with Coo- 
massie blue. 

Measurement of Oxidative Metabolism of 
Neutrophils 

Isolation of Human Neutrophils. A cell population 
consisting of over 95% neutrophils was obtained by 
mixing 30 ml of heparinized human blood with an 

equal volume of dextran solution (2% in saline) and 
aJiowing the red cells to sediment for 30 min. The 
supernatant fluid was removed by ccntrifugalion al 
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UOOO g at 4^*0 for 20in in and the red cells in the 
peHei were lysed by suspensiorriirarsolut ion- contain— 
ing 9 parts of 0.83% ammonium chloride and 1 part 
0.1 AlTris, pH 7.4. Lysis was allowed to continue for 
5 min at 37 ^'C. The residual cells were centrifugcd at 
1 ,000 ^ at 4 C for 20 min and resuspended in 5 ml of 
Hanks' balanced salt solution (HBSS). The cellular 
suspension was layered over 5 ml of Ficoll-Hypaque. 
centrifuged at 1,000 5 at room temperature for 
30 min, and the resulting neutrophil suspension was 
washed with 10 ml of HBSS. 

Binding ofClq to Latex Beads. Polystyrene latex 
beads (5 X 10^ 15 ± 8 urn in diameter, polystyrene 
beads, Sigma Chemical Co.) were washed 3 times 
^vith-HR5;S- containing^Q.OlAjLHepes, pH 7.2, an d 
incubated with 2.000 Mg of purified nonaggregated 
Clq (Calbiochem) for 30 min at room temperature in 
500 nl of the buffer. After 3 washings with the buffer, 
4.8 Jig Clq were found to be bound per 10* beads. 

Binding of Clq to Aggregated IgG- Human IgG 
(lOmg/ml. Sigma Chemical Co.) was aggregated by 
incubation at 63 " C for 20 min, and particulate aggre- 
gates were removed by centrifugation for 5 min at 
10.000 g, A mixture of 300 \k% of aggregated IgG and 
30 ng of Clq was then incubated for 1 5 min at 22 *C 
before adding the ucutrcphi! suspension . 

Measurement of Oxidative Metabolism of 

Neutrophils by Chemiluminescence 

Oxidative metabolism of the neutrophils was 
monitored by the luminol-enhanced chemilumines- 
cent response, according to the procedure of Tenner 
and Cooper li Oj. Neutrophils (2.5 X 10^ cells) were 
incubated in a fmal volume of 0.5 ml of HBSS con- 
taining 0.02 M Hepes at pH 7.2. 0.25% albumin and 
2 yiM luminol in 4 ml polypropylene tubes. Chemilu- 
minescence was monitored in a Packard Model 4530 
liquid scintillation counter in the single-photon 
counting mode. 



Results 

Inhibition by RHP of the Hemolytic 
Activity of the Complement System 
Initiated by Clq 

Our finding that RHP affects the Clq- 
anti Clq precipitin reaction [11], suggested 
that it might affect other properties of Clq. 



We therefore examined the effect of RHP on 
-the-hemolytie-activity-of^the_j30mpi^^ 
system initiated by Clq as measured by the 
procedure of Kolb et al. [13]. As illustrated 
in figure 3, the hemolytic activity induced by 
0.25 |ig of Clq was completely inhibited by 
1.6 }ig of RHP in the presence of Clr and 
Cis, estimated to be in 4-fold excess over 
that required to form CI from the 0.25 ^g of 
Clq as follows: 0.25 |ig Clq added to 30 ^ll 
of 1:1 dilution of Clq-depleted serum is 
equivalent to I6.6^g/ml. Normal serum 
_contai.ns^lig/ml_ of^Cl^ of^ls, and^ 
70 ^ig/ml of Clq at a molar ratio of'2:2rK 
The ratio of 70/16.6 is 4,2, indicating a 4- 
fold excess of Clr2 X CIS2 under the condi- 
tions indicated. 

Disaggregation of CI by RHP 
The possibility that the inhibitory effect 
of RHP on the hemolytic activity of the com- 
plement system might result from its ability 
to disaggregate CI was tested by measuring 
the effect of RHP on the disaggregation of 
CI by the technique of Laurell et al. [14]. 
Twenty microliters of the equilibrium mix- 
ture containing CI formed from incubation 
of equivalent concentrations of CI subunits 
in 2.5 mM Ca^ were added to each of the 
two wells in agarose gel, and 1 [ig of RHP 
was added to one of the two wells. After elec-;|; 
trophoresis and immunoelectrophoresis;; 
against anti-Cls at 10 ^C, the areas of Cl,| 
Clr X Cls and Cls were visualized by the| 
Coomassie-blue-stained precipitin formed; 
from the interactions with anti-Cls (fig. 4)| 
In the absence of RHP, a precipitin area cor| 
responding to CI and a lesser area corre| 
sponding to Clr X Cls were obtained. In the-; 
presence of 1 ng RHP the CI peak wa| 
greatly reduced and a large Cls peak ap^; 
peared, indicating that almost all of the CI;: 
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• :; Fig. 3. Inhibitory effect of RHP on the hemolytic 
activity of the complement system initiated by Clq. 
i:::: ; Jndicatcd amounts of RHP (0-1.6 ^g) were added to 
^|::b.25Hg of Clq in 30fil of 1:1 dilution of Clq- 



:::,^ad been disaggregated, use of anti-Ci r in- 
::=::stead of anti-Cls produced similar results, 
•:• except that the Cl peaks were not visualized 
i^iby anti"Clr. 

At the concentration of anti-Cls used 
:;i;|J:40 dilution) there was no effect of RHP 
;;Spon electrophoresis or immunoelectropho- 
Vfesis of Cls, or of Clr2 X Cls2 formed by 
■•:^e incubation of 30 of Clr and of Cls in 
ijiiniffer containing 2.5 mM Ca^^ The latter 
: landing is of interest since it indicates that 
;|fte disaggregation of Cl by RHP does not 
:;t^sult from its sequestration of Ca++. Cl 
/formed as indicated in Materials and Meth- 
<>ys and then disaggregated by addition of 
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depleted scrum and 0.2 ml of a 1:5 dilution of acti- 
vated sheep red blood cells in Veronal buffer, pH 7.3. 
containing 0. 1 % albumin. 

Fig. 4. Disaggregation of Cl by RHP as measured 
by the Laurell et al. [J 4] technique. Cl prepared as 
described in 'Materials and Methods' was eleciropho- 
resed in the direction of the arrows and then immu- 
noelectrophoresed against a 1 :40 dilution of anti-Cls. 
The resulting precipitins were visualized by staining 
with Coomassie blue. The position of the peaks corre- 
sponding to Cl, Clr X Cls and Cls are indicated on 
the figure. 



tLU i A presented a precipitin pattern similar 
to that observeid in the presence of RHP in 
2.5 mm Ca+^ 



Binding Capability 



Measurement of Ca^ 
ofRHF 

The possibility that RHP promoted the 
disaggregation of Cl by acting as a Ca^-^ bind- 
er was investigated since aggregation of the 
subunits of Cl requires Ca++. RHP, sus- 
pended in 0.026 M EGTA, pH 7.5, to re- 
move bound Ca-^^ if present, was then dia- 
lyzed free of EGTA, and exposed to 2.5 mM 
^^Ca^ ^ (specific activity, 1 I mCi/mg) in an 
equilibrium dialysis chamber at room tern- 
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Fig^.Jnhibition by RHP of the 



enhancement of the oxidative me^ 
tabolism of neutrophils by Clq 
bound to latex beads. Oxidative 
metabolism of neutrophils (2 X IQs 
cells) incubated in HBSS containing 
0.02Ay Hepes, pH 7.2, and 0.25% 
albumin was monitored by luminol 
excitation as described in Materials 
and Methods. The control tube con- 
tained latex beads without Clq. 
The tube labeled Clq + latex beads 
contained 4.8 ^ig Clq adsorbed to 
I X 10^ latex beads, and the tube 
labeled-RHP contained 16.>ig_RHR_ 
in addition. 



20+ 



30 pg Clq-*- 300 MO 
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Fig. 6. Inhibition by RHP of the enhancement of 
the oxidative metabolism of neutrophils by Clq 
bound to aggregated IgG. The procedure was the 
same as described in figure 3, except that 30 ^lg Clq 
adsorbed to 300 IgG were added to 2 X 10^ neu- 
trophils instead of the Clq adsorbed to latex beads. 
The inhibitory effect of RHP is shown as the decrease 
in chemiluminescence at 10 min as a function of con- 
centration of RHP. The control tube contained IgG 
without adsorbed Clq. 



wihile 
0s of 
:to the 



peralure for 4 h. No increase in radioactivity 
in the chamber containing RHP was ob- 
served. The finding that RHP did not cause 
disaggregation of Clr2 X Cls2 (as reported 
above) is further evidence that RHP does 
not promote disaggregation of CI by acting 
as a Ca-'-' binder, since Ca+^ is also required 
for the formation of this dimer. 

Effect of RHP on the Clq Enhancement 
of ike Oxidative Metabolism of 
Polymorphonuclear Neutrophils 
Tenner and Cooper [10] have shown 
that Clq, but not CI, bound to latex beads 
or to aggregated IgG enhances the oxida- 
tive metabolism of neutrophils by an exter- 
nal excitation. The oxidative metabolism of 
neutrophils exposed to Clq bound to latex 
beads or to aggregated IgG was monitored 
by chemiluminescence. Figure 5 shows the 
enhancing effect of 4.8 jig of Clq bound to . 
10^ latex beads on luminol excitation by 2 
X 10^ neutrophils and the inhibition of 
this enhancement by RHP. The control 
curve shows the effects of latex beads alone 
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!;;|: while the upper c urve illustrates the kinet- 
ics of the enhancingTffecrof "C l^~adsorbe^ 
i to the beads. The middle curve shows that 
1 16 ^i^ of RHP almost completely eliminates 
:ii;the enhancing effect of the adsorbed Clq. 
i As a control, 98 \ig of Clq bound to 2 X 
|10^ latex beads suspended in 0,35 ml buffer 
•|:were exposed to 75 fig of RHP for 1 h at 
:p5°C. Clq released into the supernatant 
;|iluid was assayed for by its protein content 
:|and by radial immunodiffusion assay. No 
|Clq was detected, indicating that less than 
::||4% of-the-adsorbed-Giq -were-released by- 
Ifexposure to RHP. 

•| Tenner and Cooper [10] have also shown 
i|that Clq adsorbed to aggregated IgG en- 
|hances the oxidative metabolism of neutro- 
Iphils. As shown in figure 6, 28 ^ig of RHP 
•i^lmost completely inhibited the enhancing 
Hifeffect of 30 \ig of adsorbed Clq. 
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Discussion 
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i;:: The results presented demonstrate that 
pthe newly described serum protein RHP [1 1] 
I is capable of inhibiting hemolytic activity by 
I the classical pathway of complement activa- 
|: tion and is also capable of disaggregating the 
llCl complex. Although the latter effect may 
|: be responsible for the former, it is not yet 
ilestablished that RHP disaggregates the CI 
I complex bound to erythrocyte membranes. 
ij.The possibilities that RHP may prevent 
|:bindingofClr2 X CI S2 to the Ig-bound Clq, 
I or that RHP may affect other components of 
I Jhe complement system have not been elimi- 
|:;nated. 

I; The mechanism for the disaggregation of 
|:Cl complex by RHP is also not clear; how- 
l:ever, it is not due to the chelation of Ca^+. 



Our observation that RHP inhibits the 
~ability~of latex particles or aggregated-IgG 
coated with Clq to stimulate oxidative me- 
tabolism of neutrophils is of interest since 
the serum levels of RHP [12] and of Clq, 
unbound to Clr2 X ClS2 are elevated in 
patients with active RA uncomplicated by 
vasculitis [1]. 

The inhibition of the classical pathway of 
complement activation by RHP (fig, 3), pre- 
sumably by disaggregating CI (fig. 4), sug- 
gests that RHP may, like C4-binding protein 

-[ 1 5],- be-a-regulator of_the_classicaLpath way 
of C3 activation. Like RHP, C4bp has been 
reported to be increased in RA [16]. 

Niven and Whaley [17] have described a 
factor in RA sera which inhibits the binding 
of Clq to immune complex and which re- 
duces the capacity of serum to consume C4. 
It would be of interest to determine whether 
their serum factor is RHP, since RHP affects 
a number of properties of C!q, as described 
in the text, and the disaggregation of CI by 
RHP (fig. 4) should lead to reduced activa- 
tion of C4. 

The presence of specific receptor sites for 
dissociated Clq on numerous cell types, and 
the recent report that B cell receptor-bound 
Clq inhibits constitutively produced *IL 1- 
like' activity [18] indicates that the elevated 
serum levels of dissociated Clq and of RHP 
in RA may play important roles in the im- 
munoregulation of this autoimmune dis- 
ease. 
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By Bonnie M. Bradt,* William R Kolb,* and Neil R. Cooper* 



From the * Department of hmuuaology, The Scripps Research Institute, Lajolla, California 92037; 
and ^Advanced Research Technologies, Inc., San Diego. California 92121 



Summary 

Large numbers of neuritic plaques (NP) , largely composed of a fibrillar insoluble form of the 
P -amyloid peptide"(A~p)rare~found' ln"the' hippocampus- and ^neocortex j3f_A izheimer 's_disease 
(AD) patients in association with damaged neuronal processes, increased numbers of activated 
astrocytes and microglia, and several proteins including the components of the proinflamma- 
tory complement system. These studies address the hypothesis that the activated complement 
system mediates the cellular changes that surround fibrillar Ap deposits in NP. We report that 
Ap peptides directly and independently activate the alternative complement pathway as well as 
the classical complement pathway; trigger the formation of covalent, ester-linked complexes of 
Ap with activation products of the third complement component (C3) ; generate the cytokine- 
like C5a complement-activation fragment; and mediate formation of the proinflammatory 
C5b-9 membrane attack complex, in functionally active form able to insert into and permeabi- 
lize the membrane of neuronal precursor cells. These findings provide inflammation-based 
mechanisms to account lOr the presence of corr.plGment components in NP in association with 
damaged neurons and increased numbers of activated glial cells, and they have potential impli- 
cations for the therapy of AD. . . ' 

Key words: Alzheimer's disease • amyloid • C3 • complement • inflammation 



\ A 7e and others (1-3) have noted that the patholog- 
V V ical changes which characterize Alzheimer's disease 
(AD)^ could all result from complement activation in neu- 
ritic plaques (NP) , since this effector system has the ability 
to activate various cell types with release of cytokines and 
secondary mediators; to induce directed migration of these 
cells toward the complement activator; to alter cellular 
functions; and to damage cells (4, 5). Potential complement 
involvement in the brain is not dependent on disruption of 
the blood-brain barrier, since neurons, astrocytes, micro- 
glia, and oligodendrocytes synthesize most, and likely all, of 
the proteins of the complement system (6) . 

Since activation is a prerequisite for manifestation of all 
of the biological activities of the complement system, the 
P-amyloid peptide (Ap) or another component of NP 
must possess the ability to activate complement in order for 
complement to be involved in mediating the pathologic 
cellular characteristics of AD. In this regard, we and others 



^Abbreviations used in this paper: ACP, alternative complement pathway; 
AD, Alzheimer's disease; A(i, p-amyloid peptide; CCP, classical comple- 
ment pathway; dd, double distilled; MAC. membrane attack complex; 
NP, neuritic plaques; NHS, normal human serum; SOD, superoxide dis- 
mutase. 



previously showed that fibrillar forms of Ap bound the first 
reacting factor of the classical complement pathway (CCP) , 
Clq (3, 7), and .depleted the activity of the fourth comple- 
ment component (C4) as well as whole complement activ- 
ity (CH50), when incubated with human serum as a com- 
plement source in vitro (3, 7). Residues 14-26 of the 
collagen-like portion of the A polypeptide chain of the 
Clq molecule were implicated in binding fibrillar Ap (7). 
Recent studies have confirmed this suggestive evidence of 
CCP activation by aggregated Ap (8-12), and have also 
emphasized the critical role of the p -pleated structure of 
Ap in mediating these effects (9, 11), Inhibition studies 
have implicated Ap residues 1-11 in Clq binding (11, 12). 
The complement depletion, inhibition, and cleavage assays 
used in these various studies have provided suggestive evi- 
dence for CCP activation by fibrillar AP; however, as indi- 
rect assays, they are subject to other interpretations. In this 
context, we recently presented preliminary evidence sug- 
gesting that Ap forms complexes with C3 after incubation 
of fibrillar AP with a complement source (9). 

In the course of these studies, we found that the addition 
of fibrillar Ap to a complement source led to the genera- 
tion of covalent ester-linked complexes of Ap with C3 ac- 
tivation fragments, providing unequivocal evidence for 
complement activation by Ap, since covalent attachment 
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-of-C3 activation Jragment^ J o_compIemen 
sents a fundamental tenet of complement action. We also 
found that fibrillar Ap possesses the ability to activate the 
alternative complement pathv^ay (ACP) in serum, as v^ell as 
in mixtures of the six purified proteins of the alternative 
pathway in physiologic concentrations, providing the first 
indication that Ap independently activates both comple- 
ment pathways. Additionally, we observed that such activa- 
tion is highly specific for Ap and completely independent 
of oxidative processes. These studies are described here. Fi- 
nally, we also report for the first time that Ap -mediated 
complement activation is biologically significant, as it leads 
to generation of the cytokine-like C5a complement-activa- 
tion fragment, and mediates formation of the proinflamma- 
tory C5b-9_ membrane ^attack complex (MAC), in func- 
tionally active form able to insert into and permeabilize the 
membranes of neuronal precursor cells. 

Materials and Methods 

Ap-Mediated Complement Activation and Complement Activation 
ELISA Assays. Ap 1-40 and 1-42 (Bachem California, Tor- 
rance, CA; Bachem Bioscience, Inc., King of Prussia, PA; Qual- 
ity Controlled Biochemicals, Inc., Hopkinton, MA; Anaspec, 
Inc., San Jose, CA; and California Peptide Research, Inc., Napa, 
CA) were dissolved in either 100% DMSO at 10 mg/ml, or double 
distilled (udJi~l2U, graduaiiy diiuted in ddH20 Lo 2 rrig/rr.l snd 
then brought to 1 mg/ml in 0.1 M Tris buffer, pH 7.4. Ap was 
used immediately (nonaggregated) or permitted to aggregate by 
incubation at room temperature for 48 h (Ap 1-42) to 72 h (Ap 
1-40); further incubation for 2 wk did not decrease complement- 
activating potential. Preaggregated Ap preparations were incu- 
bated with an equal volume of 1:5 normal human serum (NHS), 
complement-depleted sera (Advanced Research Technologies, 
Inc.), or the six purified proteins of the ACP (Advanced Research 
Technologies, Inc.) in physiologic ratios (13). Dilutions were in 
veronal buffered saline, pH 7.4, containing calcium and magne- 
sium. Inhibition studies were carried out with preaggregated Ap 
1-42 in the presence of deferoxamine, glutathione, dimethyltliio- 
urea, catalase, or superoxide dismutase (SOD), all purchased from 
Sigma Chemical Co. (St. Louis, MO). After 1 h at 37°C, EDTA 
was added to stop further complement activation, and the samples 
were diluted (1:20-1:300) and added, in replicate, to microtitra- 
tion wells precoated overnight (4°C) with 1 p.g (100 p,l) of mAb 
to Ap (10D5), mAb to a C3b neoantigen (clone 129), or mAb to 
an iC3b neoantigen (Quidel, San Diego, CA) at pH 7.4, and then 
blocked (BLOTTO; Pierce Chemical Co., Rockford, IL). After 
1 h at room temperature, bound Ap-C3b/iC3b complexes were 
detected with rabbit Ab to C3 or to Ap, horseradish peroxidase- 
conjugated anti-rabbit IgG (Kirkegaard & Perry Laboratories, 
Gaithersburg, MD), and ABTS (Kirkegaard & Perry Laborato- 
ries). C3 standard curves were generated with dilutions of puri- 
fied iC3b (Advanced Research Technologies, Inc.) captured on 
wells precoated with anti-iC3b (Quidel). C5b-9 was captured on 
wells precoated with mAb to a C5b-9 neoantigen located in the 
poly C9 portion of the complex (Quidel) and detected with poly- 
clonal goat Ab to C6 followed by horseradish peroxidase-conju- 
gated mouse anti-goat IgG (Accurate Chemical and Science 
Corp., Westbury, NY) and ABTS. Values for the C5b-9 assay 
were back-calculated to the values in undiluted NHS. In some 
experiments, neuropeptide Y-porcine, urotensin I, or exendin 3 



(all from California Peptide Research, Inc.); insulin B chain 
~ (Sigma ChemicarCo ); amyloid precursor-protein -peptide -( 
676 (Bachem California); and adenovirus penion base 50-residue 
fragment (residues 317-366; reference 14), as well as preaggre- 
gated Ap 1-42 preparations and monomeric Ap 1-42, were dis- 
solved in DMSO or ddH20 and aged at room temperature, ex- 
actly as described above for Ap. In some studies, peptides, after 
dissolution as Just described but diluted in Hepes-buffered NaCl 
at pH 7.4, were covalently cross-linked at a concentration of 200 
jxM with the primary amine reactive agent, bis{sulfosuccinimi- 
dy])suberate (BS^; Pierce Chemical Co.), at a concentration of 

5 mM. After 30 min, the reaction was terminated by quenching. 
All peptides were incubated with NHS for 1 h at 37°C, After di- 
lution, complement activation was assessed by the conventional 
CH50 assay (15) by quantitating residual functional C3 using C3- 
depleted serum according to product instructions (Advanced Re- 

- search Technologies,-Inc.),-or„by^ evaluating C5b^-9_formation. 

Studies with Hydroxylamine. After capture of complexes onto 
10D5-coated wells, replicate wells were treated with 0.1 M Tris, 
pH 9.5, or 1 M hydroxylamine in 0.1 M Tris. pH 9.5. for 2 h at 
37°C. After washing, remaining bound C3 was detected as de- 
scribed above. Residual Ap was detected with rabbit Ab to Ap, 
as described above. The formation of covalent complexes of Ap 
with C3 activation products was also evaluated using the Western 
blotting procedure on SDS-PAGE gels. Replicate samples of ag- 
gregated Ap 1-42 or Ap 1-40 were incubated with human se- 
rum for 1 h at 37°C in the presence or absence of EDTA, and the 
reaction mixtures were then microfuged, washed in Tris buffer, 
and incubated for 3 h at 37°C with 0.1 M Tris at pH 7.4, 0.1 M 
Tris at pH 9.5, or 1 M hydroxylamine in 0.1 M Tris at pH 9.5. 
The samples were again microfuged, and washed with Tris at pH 
7.4 followed by the same buffer containing 0.1% SDS. The sam- 
ples were then subjected to SDS-PAGE under nonreducing con- 
ditions and electroblotted, and bands were detected with rabbit 
Ab to C3 followed by goat anti-rabbit IgG (Kirkegaard & Perry 
Laboratories) and the SuperSignal system (Pierce Chemical Co.). 
After stripping, Ap v/as detected with 6E10 mouse Ab to Ap 
(Senetek PLC, St. Louis, MO) followed by goat anti-mouse IgG 
(Kirkegaard & Perry Laboratories) and the SuperSignal system. In 
some experiments, electroblotted gels were reacted first with rab- 
bit Ab to Ap (generated in this laboratory) or with 6E10 mAb to 
Ap (Senetek PLC) followed by goat anti-rabbit IgG (Kirkegaard 

6 Perry Laboratories) or goat anti-mouse IgG (Kirkegaard & 
Perry Laboratories), stripped, and reacted with mAb anti-iC3b 
(Quidel) or rabbit Ab to C3 (generated in this laboratory), fol- 
lowed by goat anti-mouse IgG or goat anti-rabbit IgG. Quantita- 
tion was with a Phosphorlmager (Molecular Dynamics, Sunny- 
vale, CA). 

Mass Spectroscopy, After solubilization in 70% formic acid, 
samples were analyzed by MALDI spectroscopy (Perseptive Voy- 
ager ELITE; Perseptive Biosystems, Inc., Framingham, MA). 

C5a. C5a (and C5a des-Arg) was detected in diluted samples 
with the Biotrak radioimmunoassay kit (Amersham Corp., Ar- 
lington Heights, IL); the samples were subjected to acid precipita- 
tion before analysis (16). Values were back-calculated lo the con- 
centrations in undiluted NHS. 

C5b-9 Membrane Insertion. Ntera2/Dl (NT2) cells (Stratagene 
Inc., La Jolla, CA) were grown to subconfluence, released with 
nonenzymatic cell dissociation solution (GIBCO BRL, Gaithers- 
burg, MD), washed, and resuspended (2 X 10^ cells/ml). NT2 
ceils (100 |xl) were incubated with 50 p-1 NHS in the presence or 
absence of EDTA and 50 p-l preaggregated Ap. After 15 min at 
37°C, the MAC was detected with rabbit Ab (Advanced Re- 
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search Technologi es, Inc.) or mAb (Quidel) to C5b-9 neoanti- 
gens. followed by FITC anti-rabbit or -mouse Ig and propi'dium 
iodide. Readings were performed on a FACScan® and analyzed 
with CellQuest software (Becton Dickinson, San Jose, CA). 

Results and Discussion 

Sandwich-type ELISAs showed that connplexes contain- 
ing Ap and C3b/iC3b were generated in NHS, as a comple- 
ment source, after incubation with aggregated Ap 1-42. 
Complexes were demonstrable after capture with mAbs to 
activation-dependent neoantigens in the first (C3b) or sec- 
ond (iC3b) C3 cleavage products and detection with rabbit 
Ab to Ap (Fig. 1, a and 6), as well as after capture with mAb 
to Ap and detection with rabbit Ab to C3 (Fig. 1 c) or C3d 
(not shown). EDTA,"^hictrblocks "complement activatiorT 
by chelating calcium and magnesium, prevented complex 
formation (Fig. 1 c). ELISAs in which complexes were cap- 
tured with mAb to Ap and detected with Ab to C3 were used 
for most of the studies, since such ELISAs permitted quantita- 
tion by reference to included standard curves generated with 
purified C3 captured on wells coated with mAb to C3 and de- 
tected with rabbit Ab to C3 (Fig. 1 dj. Complement activation 
was detectable to ~1 \xM Ap 1-42 (Fig, 1 c^. 10 different 
preaggregated Ap 1-40 and 20 different preaggregated Ap 
1-42 preparations from 5 manufacturers generated such 
complexes. Ap i-42 was generally 5-iu-i'oid more active 
than Ap 1-40 in this regard. The cation-dependent forma- 
tion of Ap-C3b/iC3b complexes after incubation of aggre- 
gated Ap with NHS provides unequivocal evidence for 
complement activation by aggregated Ap. 



Ap-C3b/iC3b complex formation was evident after in- 
"cubation of aggregated7\"p^l~42~wittT~NHS~lac king factor 
B, an essential component of the ACP (Fig. 1 e); such sera 
contain an intact CCP. but do not permit ACP activation. 
A significant reduction in complex formation was also evi- 
dent in Clq-depleted serum compared with NHS (Fig. 1 e). 
These data show that the CCP mediates complex forma- 
tion by aggregated Ap, findings that were anticipated from 
the results of the coinplement depletion assays described 
earlier. Unexpectedly, however, the ACP also mediated 
the formation of complexes, since they were also generated 
after the addition of aggregated Ap 1-42 to NHS lacking 
factor Clq, and complex formation was reduced in factor 
B-depleted serum compared with NHS (Fig. 1 e), a result 
replicated in four additional experiments with different Ap 
T-42 preparationsrThe ability "of^AP' 1-42 tcTactivate the 
ACP was confirmed in three studies in which preaggregated 
Ap 1-42 was incubated with a mixture of the six purified 
proteins of the ACP (factors B, D, H, and I, properdin, and 
C3) in physiological ratios (reference 13; Fig. 1 f). These 
data document the ability of aggregated Ap not only to acti- 
vate the CCP, but also to independently activate the ACP. 
This is the first indication that aggregated Ap activates the 
ACP; it had been presumed that complement activation by 
Ap was exclusively via the CCP because of the absence of 
ACP components (factor B and properdin) in NP (1, 17, 
ibj. i he failure to detect aC? components in NP may be 
due to the extreme lability of the ACP C3 convertase. 

Multiple different aggregated Ap 1-42 preparations acti- 
vated complement, as determined by the classical CH50 
complement consumption technique (Fig. 1 g). The aging 




Figure 1. ELISA demonstra- 
tion of complement- mediated 
formation of complexes of Ap 
with C3 activation fragments (a- 
d). Complexes were captured, 
detected, and quantitated as de- 
scribed in Materials and Meth- 
ods. NHS or purified ACP pro- 
teins only do not contain Ap. (a) 
Preaggregated Ap 1-42 (100 
{jlM and 50 )xM) was incubated 
In NHS, captured with mAb to 
C3b, and detected with rabbit 
Ab to Ap. {b) Two preaggre- 
gated Ap 1-42 preparations (Ap 
1 and Ap 2, at 20 jiM) were in- 
cubated in NHS, captured with 
mAb to iC3b, and detected with 
rabbit Ab to Ap. (r) Preaggre- 
gated Ap 1-42 (58 fiM) was in- 
cubated in NHS, or in NHS 
containing 10 mM EDTA, cap- 



tured with mAb to Ap, and de- 
tected with rabbit Ab to C3. [d] Preaggregated Ap 1-42 was incubated in NHS at the indicated final concentrations, captured with mAb to Ap, and 
detected with rabbit Ab to C3. (e) Preaggregated Ap 1-42 (58 ^M) was incubated in NHS, factor B-depIeted NHS {B~dpl), or Clq-depleted NHS 
{Clq-dp}), captured with mAb to Ap. and detected with rabbit Ab to C3. [f) Preaggregated Ap 1-42 (58 fxM) was incubated with the six purified ACP 
proteins {PAPi or NHS, captured with mAb to Ap, and detected with rabbit Ab to C3. Background levels obtained in EDTA controls containing Ap 
and purified ACP proteins or NHS, in the various experiments described above, were subtracted, {gj Specificity of complement activation. Preaggregated 
Ap preparations (20 (xM) and the same concentrations of monomeric Ap (mono), insulin B chain {Ins.Bj, neuropeptide Y- porcine (NPY\, urotensin I 
{Uro.), exendin 3 {Exen), amyloid precursor peptide 657-676 (APP-pep.), and adenovirus penton base 50-residue peptide {PB50j were incubated with 
NHS. Complement activation was assessed by the CH50 method. Correlation coefficients for the CH50 determinations ranged from 0.995 to 1.000. 
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procedure used to aggregate Ap generates 3 -pleated fibrils 
(9) rNohfibrillar " afhof phous " aggregates~of Ap are devoid 
of complement-activating ability (9). In contrast to the ag- 
gregated preparations, Ap used immediately after dissolu- 
tion had limited ability to activate complement (Fig. 1 g). 
These data document the important role of fibril formation 
for complement activation by Ap in vitro. Amylin, another 
peptide which spontaneously forms p-pleated fibrils, v^as 
also tested for complem.ent- activating ability in these stud- 
ies. The 37 -residue amylin polypeptide represents the prin- 
cipal constituent of the amyloid deposits in type 2 diabetes. 
On SDS-PAGE gels, aged amylin migrated primarily as 
large SDS-insoIuble stained bands. However, this fibrillar 
peptide did not significantly activate complement at a con- 
centration of 100 |xM (7% CH50 consumption). 
"~ The specificity of co"mple merit activation by Ap was also" " 
evaluated by determining whether complement was acti- 
vated by other small peptides (20-50 amino acids) contain- 
ing multiple residues able to mediate covalent linkage to 
the glutamate residue of the hydrolyzed thioester of C3 
(serine, tyrosine, threonine, lysine) and expressing similar 
overall charge to Ap. All of the peptides were processed 
and aged in the same manner as Ap. None of the peptides, 
including the insulin B chain (30 residues), neuropeptide 
Y-porcine (36 residues), urotensin I (41 residues), exendin 
3 (39 residues), amyloid precursor peptide 657-676 (20 res- 
idues), and the adenovirus pcnton base fragment (50 resi- 
dues) significantly activated complement at a concentration 
of 20 fJiM, as assessed by the classical CH50 technique (Fig. 
1 g). The peptides also showed little or no ability to activate 
complement in other assays, including the ability to deplete 
residual functional C3 and form the SC5b-9 complex (not 
shown). To determine whether peptide aggregation would 
increase complemenL-activating ability, urotensin I, neu~ 
ropeptide Y-porcine, and exendin 3 were covalently cross- 
linked with the primary amine reactive reagent BS^ before 
evaluating their ability to activate complement by the 
CH50 technique. Cross-linked urotensin I and neuropep- 
tide Y-porcine gave a ladder of Coomassie-stained bands 
on SDS-PAGE analyses, but exendin 3 gave no stained 
bands, possibly due to the formation of very large aggregates. 
These three cross-linked peptides did not significantly acti- 
vate complement (<10% CH50 depletion) at a concentra- 
tion of 20 |xM. In another study, cross-linked urotensin I ex- 
hibited 7% CH50 consumption at a concentration of 100 
|jlM, whereas aggregated Ap 1-42 showed 45% consump- 
tion. These data cumulatively demonstrate the marked spec- 
ificity of complement activation by fibrillar Ap. 

C3 preferentially binds to activators via ester bonds, al- 
though amide linkage has been described (19, 20); such 
bonds form between the reactive 7-carbonyl group of the 
glutamate residue of the activation-cleaved internal thioester 
bond in C3, and hydroxyl (ester) or amino (amide) groups 
on the activator (19). To evaluate possible ester linkage, 
complexes were captured with mAb to Ap and incubated 
with Tris buffer containing I M hydroxy lamine at pH 9.5 
for 2 h at 37°C, a treatment which disrupts ester but not 
amide bonds (19, 20). Approximately 50% of the bound 



C3, but none of the Ap, was removed from the captured 
"complexes by this"treatmenr(Figr2,-a and 6)7 a"result"repli= 
cated in two additional studies with Ap 1-40 and 1-42. 

The formation of covalent complexes of Ap with C3 acti- 
vation products was also independendy demonstrated using a 
Western blotting approach. In these studies, aggregated Ap 
1-40 was incubated with serum, and the complexes of insol- 
uble fibrillar Ap with C3 activation fragments were then 
sedimented, washed, and incubated with either 1 M hy- 
droxylamine at pH 9.5 or control buffers. After washing, a 
prominent band with a molecular mass of -^180 kD, the 
molecular mass of C3, as well as several higher molecular 
mass bands, were detected with Ab to C3 (Fig. 2 c). After 
stripping, the same bands were also found to react with Ab 
to Ap, although the gels were darker due to the presence of 
large amounts'of aggregated A p (Fig: -2 c). Bands of the same 
molecular masses reactive with Abs to both Ap and C3 
were also observed when the blotting studies were per- 
formed in the reverse direction, i.e., blotting first with ei- 
ther mAb or polyclonal Ab to Ap followed, after stripping, 
by blotting with rabbit Ab or mAb to C3 (not shown). The 
180-kD band and the larger bands, which contain both C3 
and Ap, undoubtedly represent complexes of Ap mono- 
mers with C3b monomers and oligomers, since they were 
not evident in the reactions carried out in the presence of 
EDTA or in the absence of fibrillar Ap (Fig. 2 c). 

/^O .. ... M t ^1.. 1, AO *■ 4.U-. 
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top of the gels (except for the EDTA lane) on longer expo- 
sure (not shown). The lesser reactivity of C3 in the larger 
Ap aggregates at the top of the gels, compared with the C3 
monomers and oligomers within the gels, indicates that not 
all Ap monomers bear a molecule of C3b; this is not sur- 
prising, since Ap is in large aggregates and, in addition, in 
molar excess over C3. It may also be that Ap molecules 
bearing covalently bound C3b dissociate from the aggre- 
gates, in analogy to the dissociation of immune complexes 
by the covalent binding of C3b (21, 22). 

Hydroxylamine treatment disrupted approximately half of 
the complexes (Fig. 2 c). Quantitative scanning of the C3 
Western blot showed that the treatment with 1 M hydrox- 
ylamine at pH 9.5 removed 42% of the bound C3 com- 
pared with the pH 9.5 control; the pH 9.5 buffer treatment 
removed only trivial amounts (5.1%) of the bound C3 com- 
pared with the pH 7.4 treatment. The Ap Western blot 
could not be satisfactorily scanned due to the large back- 
ground, but visual inspection reveals the same pattern (Fig. 
2 c). Identical results were obtained with Ap 1-42 (not 
shown). These two independent assay systems both show 
that ester bonds, in part, mediate covalent attachment of C3 
activation fragments to Ap. Ap 1-42 contains two serines, 
at positions 8 and 26, and a tyrosine, at position 10, which 
could mediate ester linkages with C3 activation fragments. 

With regard to the bond(s) responsible for the nonester- 
linked Ap-C3b/iC3b complexes, Ap alone has been re- 
ported to generate free radicals (23) upon incubation in 
aqueous solution, and oxidative processes have been associ- 
ated with Ap denaturation, fragmentation, and oxidation 
(24, 25). Because of the potential relevance of these pro- 
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Figure 2. Assessment of bonds mediating binding of Ap to C3 activation fragments, (a) Preaggregated Ap 1-42 (25 jjlM) was incubated in NHS, and 
complexes were captured on 10D5-coated wells; NHS only does not contain Ap. Replicate samples were treated with pH 9.5 buffer, or with the same 
buffer containing 1 M hydroxylamine (NH2OH), and remaining bound C3 was then detected and quantitated as described in Materials and Methods. 
The control containing Ap, NHS, and EDTA has been subtracted, (b) Replicate wells subjected to treatment with the pH 9.5 buffer or hydroxylamine 
were evaluated for residual bound Ap as described in Materials and Methods, (c) Preaggregated Ap 1-40 was incubated in NHS in the presence or ab- 
sence o f EDTA: 1 ane 5 contains N H S but no A p . J\ fte r ^ntri lugaUo.n_and_washi ng, Ji b r i 1 la t A p. pe I lets we re_incu bated .wi th . p H ,7 . 4 - bu ffer_(lanes . 1 and „ ^ . ^ 
pH 9.5 buffer (lane 5), or 1 M hydroxylamine in pH 9.5 buffer (lane 4). After further washing, samples were subjected to SDS-PAGE under nonreducing 
conditions followed by blotting for the presence of C3 and, after stripping, for Ap. Arrow, The C3 band at -^180 kD. {d^ Preaggregated Ap 1-42 (50 
p,M) was incubated in NHS alone, and in the presence of deferoxamine {Defer.', 1 mM), glutathione {Glut.; 1 mM), dimethyl thiourea (DMTU. 30 mM). 
catalase (CAT; 2 X 10^ U/ml), SOD (10 fiM), or catalase plus SOD, and the Ap complexes with C3 activation fragments were then detected as de- 
scribed In Materials and Methods. 



cesses to the formation of complexes of Ap with C3 activa- 
tion fragments, Ap 1-42 was assessed by MALDI mass 
spectroscopy after aging from 0 to 10 d. Aggregates are not 
detected in these assays, since the samples are dissolved in 
70% formic acid for mass spectroscopic snslvsis. The mo- 
lecular mass of the major peak in the various samples 
ranged from 4510 to 4514, a_nd no other peaks were 
present, ruling out significant oxidation, fragmentation, and 
covalent cross-linking of Ap. To determine whether oxi- 
dative processes mediated the formation of complexes of 
Ap with C3 activation fragments, complement activation 
was carried out in the presence of deferoxamine, glu- 
tathione, dimethylthiourea, catalase, SOD, and catalase plus 
SOD. Since none of these antioxidants or free radical scav- 
engers inhibited the formation of or interfered with the de- 
tection of complexes (Fig. 2 c/), it is unlikely that free radi- 
cal-mediated or oxidative processes are involved in the 
formation of complexes of Ap with C3 activation frag- 
ments. In all likelihood, amide bonds are responsible for 
the remaining Ap-C3b/iC3b complexes. Ap 1-42 con- 
tains two lysine residues, at positions 16 and 28, which 
could mediate such linkages. 

Additional studies showed that Ap triggered activation of 
the terminal, proinflammatory portion of the complement- 
reaction sequence in NHS. C5a, a cytokine-like activation 
cleavage product of C5 with numerous biological properties, 
was efficiently generated by aggregated Ap 1-42 in NHS, as 
determined by a specific radioimmunoassay which detects 
C5a and C5a des-Arg (lacking the COOH-terminal argi- 
nine residue) (reference 26; Fig. 3 a). A sandwich ELISA in 
which an mAb to a C5b-9 neoantigen located in poly C9 
served as the capture Ab, and polyclonal Ab to C6 served 
as the detection Ab, showed that Ap-mediated comple- 
ment activation led to formation of the C5b-9 complex 
(Fig, 3 b). This ELISA detects C5b-9 as well as SC5b-9 
_ complexes; the latter are formed in NHS in the absence of 



cells, as a consequence of the binding of S protein, a com- 
plement control protein, to the complex. Ap 1-42 was 
generally more efficient in generating C5b-9 than Ap 1-40 
(Fig. 3 /?), In contrast, another group recently reported that 
Ap-mediatGd complement oCtivotlori does not lead to gen- 
eration of the C5b-9 complex (10). The reason(s) for their 
failure to denagnstrate C5b-9 formation is not known. One 
possibility is the well-known variability in the properties of 
different Ap preparations. In this regard, we have observed 
more variability in the ability of various Ap 1-40 and Ap 
1-42 preparations to trigger C5b-9 complex formation, 
than in their ability to generate Ap-C3b and Ap-iC3b 
complexes. Other explanations could lie in slight differ- 
ences in experimental conditions. For example, their C5b-9 
formation experiments were carried out in NHS diluted 
1:10 in phosphate-buffered NaCl; this combination provides 
suboptimal concentrations of calcium and magnesium, 
which are required for CCP and ACP activation. In this 
regard, we obtained 10-fold higher levels of SC5b-9 for- 
mation than they obtained with 1 |jlM aggregated IgG in 
their control studies (not shown). 

The C5b-9 complex generated by Ap 1-42-mediated 
complement activation was able to insert into the mem- 
branes of NT2 cells, a committed neuronal precursor cell 
line, when such cells were included in reaction mixtures 
with aggregated Ap and NHS (Fig. 4 a). Depicted are flow 
cytometric analyses with rabbit Ab to activation-specific 
neoantigens in the C5b-9 MAC. C5b-9 membrane inser- 
tion was likely proportional to the extent of complement 
activation, since it was dependent on the concentration of 
Ap 1-42. mAb to C5b-9 neoantigens gave the same result 
(not shown). Identical Ap 1-40 concentrations mediated 
lower levels of C5b-9 membrane insertion (not shown), 
probably because of the significantly lower levels of C5b-9 
formation with Ap 1-40. NT2 cells and other neuronal 
cell lines are resistant to complement-dependent cytolysis, 
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Figure 3. Ap-mediated complement activation gener- 
ates C5a and the MAC. (a) Preaggregated Ap 1-42 was in- 
cubated in NHS, and C5a generation was then quantitated 
as described in Materials and Methods. (6) C5b-9 was quan- 
titated after NHS was incubated with varying concentra- 
tions of preaggregated Ap 1-42 or 1-40. SC5b-9 formation 
was quantitated as described in Materials and Methods. 



likely because of the presence of CD59 (27), a complement 
^regulatory protein ,_a finding co nfirmed here. Nevertheless, 
C5b-9 insertion into NT2 cell membranes mediated an in- 
crease in the permeability of the cells to propidium iodide 
that was dependent on the concentration of Ap 1-42 (Fig. 
4 b). These data indicate that C5b-9 generated by Ap-medi- 
ated complement activation is functionally competent, 
since it inserts into the membranes of neuronal precursor 
cells and renders them permeable to small molecules. 

Thus, Ap directly and independently activates the ACP 
as well as the CCP, leading to the formation of covalent 
Ap-C3b and Ap-iC3b complexes; generates C5a; and me- 
diates assembly of functionally active C5b-9 complexes in 
vitro. These findings have potential implications for under- 
standing the mechanisms which lead to continuing neu- 
ronal damage and altered glial functions in the vicinity of 
NP, and thus to the progression of AD. First, they provide 
an explanation for the association of bound C3 with Ap in 
NP (1-3), since covalently bound C3b molecules in NP 
would remain bound and provide a nidus for chronic com- 
plement activation. Second, C5a generated by Ap-medi- 
ated complement activation could be responsible for the 
increased numbers of activated astrocytes and microglia 



around NP compared with diffuse Ap plaques (28), since 
these cells possess C5a receptors and are activated and mi- 
grate in response~fo"C 5^(672 9-3 1) .'C 5a coiild'^alsb tTiggeF 
the release of proinflammatory cytokines (IL-1, IL-6, IL-8, 
and TNF-a) from glial cells, as it does from other cell types 
(26, 32); proinflammatory cytokines are increased in the 
AD brain (2. 28, 33). These cytokines could further acti- 
vate glial cells and alter neuronal and glial functions (28, 
32). Third, incoming activated glial cells could bind and 
remain adherent, via their complement receptors, to C3 
activation fragments attached to Ap (6). Fourth, C5b-9 in- 
sertion into cell membranes provides an explanation for the 
association of this complex with dystrophic neurites in NP 
(2, 3), Although not likely to be directly cytotoxic for neu- 
rons, since they bear CD59 (6, 34), C5b-9 as well as C5b-7 
and C5b-8 complexes could alter neuronal functional 
properties over time by chronic low-level triggering of var- 
ious cellular signaling pathways (35). If this inflammation- 
based scenario is verified, complement inhibitors should be 
evaluated for use in AD. Such inhibitors would need to 
pass the blood-brain barrier, target both complement acti- 
vation pathways, and prevent C5b-9 activation. 




FITCC5b-9 



ifli id' ^i6> 10* 10* 'lOP'^iO'" ^v 10P lo* 

- Pr pidium lodid 



Figure 4. C5b-9 generated by Ap 1-4 2- mediated 
complement activation is functionally active, (a) NT2 
cells were incubated with preaggregated Ap 1-42 at 
the designated concentrations in NHS, or in NHS 
containing 10 mM EDTA; serum only lacks Ap. Flow 
cytometric analyses with a rabbit Ab to C5b-9 neoanti- 
gens are shown. Numbers [right), Percentage of C5b-9"^ 
cells, as determined by their relationship to the marker 
[arrow, dashed line), [b) Density plot analyses of propid- 
ium iodide and C5b-9 [FITC C5b-9) reactivities are 
shown. For clarity, only live cells are depicted. _ 
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ABSTRACT Alzheimer disease (AD) is characterized by 
excessive deposition of the /^amyloid peptide (p-AP) in the 
central nervous system. Although several lines of evidence 
suggest that /3-AP is neurotoxic, a mechanism for p-AP toxicity 
in AD brain remains unclear. In this paper we provide both 
directum" vifro evidence that /3-AP~can~bind and activate the— 
classical complement cytolytic pathway in the absence of an- 
tibody and indirect in situ evidence that such actions occur in 
the AD brain in association with areas of AD pathology. 



Alzheimer disease (AD) is characterized by excessive central 
nervous system (CNS) deposition of the ^-amyloid peptide 
iP-AP), a 40- to 42-amino acid peptide derived from a larger 
amyloid precursor protein (APP) (1-3). Although no specific 
mechanism of ^AP deposition has yet been formally proven, 
there are several hnes of evidence (4-6) that, once generated, 
p-AP causes direct or indirect toxicity to CNS neurons. 
Proposed mechanisms of AD neurotoxicity include mem- 
brane changes (7), alterations in Ca*^ homeostasis (6, S), 
excitotoxicity (5,6), and disruption of cytoskeletal or axon 
transport systems (9, 10). However, no single AD pathoge- 
netic mechanism has yet achieved a wide consensus of 
acceptance. 

In addition to studies of )3-AP, over the last decade a 
number of investigators have noted that the AD brain exhibits 
many of the classical maricers of immune-mediated damage. 
These include elevated numbers of major histocompatibility 
complex class I- and Il-immunoreactive microglia (cells 
believed to be an endogenous CNS form of the peripheral 
macrophage) (11-15) and astrocytes expressing interleukin 1 
(16) and ai-antichymotrypsin (17) (both acute phase reac- 
tants). Of particular importance, complement proteins of the 
classical pathway have been immunohistochemically de- 
tected in the AD brain (12, 13, 18-20), and we have noted that 
they most often appear associated with ^AP-containing 
pathological structures such as senile plaques. Proteins spe- 
cific to the alternative pathway do not appear to be present 
(12, 13, 18). The first step in the classical complement 
pathway entails binding of the Clq component of CI, with 
subsequent activation of the Clr and Cls components. This 
is followed by a complex series of autocatalytic reactions, 
proceeding through C4, C2, and C3, and culminating in 
formation of the membrane attack complex (MAC), C5b-9. 
The MAC inserts a lytic plug in ac^acent cell membranes, 
mediating cellular toxicity (21). Although Clq binding to the 
Fc region of immunoglobulins is the most common mecha- 
nism for initiating the classical pathway, several substrates — 
including viruses, parasites, and mannan-binding protein — 
have also been demonstrated to activate CI and to do so in 
an antibody-independent fashion (22). In this paper we pre- 
sent six converging lines of evidence suggesting that p-AP 
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activates the classical pathway complement cascade without 
mediation by immunoglobulin. This previously unrecognized 
mechanism may contribute significantly to the neurotoxicity 
of p-AP as well as to the pathophysiology of neuronal 
dysfunction characteristic of AD. 

MATERIALS AND METHODS 

Human Brain Samples. Brain materials were obtained at 
autopsy from volunteer AD patients and nondemented el- 
derly (ND) controls through the Sun Health Research Insti- 
tute Tissue Donation Program. Postmortem intervals were 
well matched and did not exceed 3.5 hr in any case. Samples 
of the superior frontal gyrus, hippocampal complex, 
amygdala, brain stem, and cerebellum were dissected as 
approximately 1-cm^ blocks, postfixed in ice-cold 4% (wt/ 
vol) paraformaldehyde (0.1 M sodium phosphate buffer, pH 
7.4) for 16-24 hr, cryoprotected in 2% dimethyl sulfoxide/ 
10% giyceroi (voi/voi) fouowcd by 2% dimethyl sulfoxide/ 
20% glycerol (in 0.1 M phosphate buffer, pH 7.4) for 48 hr 
each, sectioned at 20 or 40 pim on a freezing microtome, and 
stored at -20°C in a cryopreservation solution composed of 
33% glycerol, 33% polyethylene glycol, and 33% 0.1 M 
phosphate buffer, pH 7.4 (vol/vol). 

Immunohistochemlstry. Sections were removed from gly- 
col storage and washed six times for 15 min each in TBS (0.01 
M Tris-HCl, pH 7.6/0.09 M NaCl). Endogenous peroxidase 
was blocked by incubation for 5 min with 0.3% H2O2/50% 
methanol (vol/vol) in TBS, followed by three 15 -min rinses 
in TBS/0.05% Triton X-100. We then blocked for 1 hr in 3% 
bovine serum albumin (BSA) in TBS/0.05% Triton X-100. 
Although it does not materially affect the results to block with 
normal serum, we did not do so because of the possibility that 
normal serum might add exogenous complement proteins, 
contaminating anti-complement immunohistochemistry. 
Sections were incubated overnight with primary antibody at 
4°C with gentle agitation, washed three times for 15 min each 
with TBS/0.05% Triton X-100, incubated for 1 hr with 1:50 
biotin-conjugated secondary antibody (Vector Laboratories), 
and allowed to react with diaminobenzidine (DAB) as in 
standard ABC/DAB immunohistochemistry (Vector Labo- 
ratories). Primary and secondary antibodies were diluted in 
TBS/0.7% A carTageenan/0.5% Triton X-100/0.2% sodium 
azide. For double-label immunohistochemistry, sections 
were next washed three times for 15 min each in TBS, 
incubated overnight with the second primary antibody at 4°C 
(gentle agitation), washed three times for 15 min each in 
TBS/0.05% Triton X-100, incubated for 30 min with second- 
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ary antibody (Vector Laboratories), and allowed to react as 
in standard ABC-alkaline phosphatase (AP) immunohis- 
tochemistry (Vector Laboratories), including a levamisole 
blocldng steprFinallyT^the sections were counterstained with 
thiofiavin S and mounted. Preabsorption with appropriate 
antigens (when available)^ deletion of primary antibody, and 
absence of staining in ND patients were always employed as 
negative controls. 

Dot Blots for Clq Binding. Samples (200 /il) of 5 /iM )3-AP 
fragments i3-AP-(l-38) and /3-AP-(l-28). the 751-residue APP 
secreted form (APPs 751) (11), or various control peptides 
[here, BSA and the transmembrane domain of transforming 
growth factor (TGF)J in TBS were blotted onto Westran 
polyvinylidene difluoride (PVDF) membrane (Schleicher & 
Schuell). The membrane was rinsed in TBS, blocked for 1 hr 
in TBS plus 5% nonfat powdered milk, washed, and incu- 
bated with human Clq (Quidel) at 10 Mg/ml for 2 hr. The 
membrane was then washed, incubated with rabbit antibod- 
ies to human Clq (DAKO, Carpinteria, CA) diluted 1:1000 in 
_TBS,pJus^% nonfat powdered milk oycrniji^t at 4°C, washed 
in TBS, incubated in biotinylated goat antibodies to rabbit' 
IgG (Vector Laboratories) at a dilution of 1 :50 in TBS plus 5% 
nonfat powdered milk for 2 hr, washed, and processed 
according to the ABC/DAB method (Vector Laboratories). 
All washes were five times for 5 min each, and all incubations 
and washes were performed with gentle agitation. Clq was 
deleted on adjacent blots to control for nonspecific immu- 
noreactivity of peptides with the primary and secondary 
antibodies. 

CH50 Assay for Complement Activation. The CH50 assay is 
a standard complement activation assay that has been widely 
used for over a decade. The assay performed here is thor- 
oughly described by Mayer (23). Test solutions containing 
^■AP-(l-.38) added to normal serum at 125, 250, and 500 
Mg/ihJ were employed. The results with i3-AP-(l-38) were 
referenced to the normal serum vehicle without )3-AP-(l-38). 

ELISA for Complement Activation. Samples (100 ^d each, 
all 5.0 mM) of BSA. TGF (transmembrane domain), APPs 751 
(24), )3-AP-(l-38). 0.AP-(l-28), ^-AP-(1-16), i3-AP-(17-28). 
^AP-(24-35). and /3-AP-(10-28) were plated in a 96-well 
ELISA plate, blocked with 1% BSA/1% powdered milk in 10 
mM sodium phosphate, pH 7.4/0.9 mM NaCl (PBS), washed 
once with PBS/1% BSA, and incubated 40 min at 37^ with 
50 /tl of fresh normal human serum diluted 1:20 in PBS. Wells 
were then washed 10 times with PBS/1% BSA, incubated 1 
hr at 37T with 100 /d of a mouse monoclonal anti-C3b 
antibody (Quidel, San Diego) at 300 ng/ml, washed 10 times 
with PBS, and incubated 30 min at 37*'C with horseradish 
peroxidase-coiyugated goat antibodies to mouse IgG (Chem- 
icon). To each well. 100 yX 2.2'-azinobis(3-ethylbenzthia20- 
linesulfonic acid) (ABTS)/peroxidase substrate (Kirkegaard 
and Perry Laboratories, Gaithersburg, jJlD) was added at 
room temperature. Optical densities (ODs) of wells at 405 nm 
were recorded at 2, 6, and 8 min. ODs of wells from which the 
test peptides had been deleted were subtracted to control for 
nonspecific background reactivity. Wells from which the 
primary antibody had been deleted gave only background 
measures. 



RESULTS 

Clq Immunoreactivity Colocalizes with ^AP-Containing 
AD Pathological Structures. Fig. 1 shows typical immunore- 
activity for a rabbit antiserum directed against human Clq in 
AD and ND superior frontal gyrus. In ND patients, no 
specific staining is observed (Fig. lA). whereas under the 
same conditions profuse labeling of numerous large roughly 
spherical structures is revealed in AD samples (Fig. \B). 
Thiofiavin counterstaining (Fig. \B Inset) demonstrates that 
these Clq immuhoreactive structures are senile plaques, a 
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Fig. 1. Typical immunoreactivity in superior frontal gyrus of 
clinically and neuropathologicaUy confirmed ND {A) and AD {B) 
patients when a rabbit antiserum directed against human Clq (1:1000 
dilution) was used. In AD, staining is almost exclusively limited to 
profiles with the morphology and distribution of senile plaques 
(arrows), as well as some neurofibrillary tangles. Virtually all thiofla- 
vin-positivc plaques are positive for Clq immunoreaction product 
Unset) (f.-tioresccr.cc plus dim bright-f5c!d optics). (Calibration bar 
equals 50 /«n.) 

pathological hallmark of AD associated with ^AP deposits. 
Some thioflavin-positive neurofibrillary tangles also colocal- 
ize with Clq. as has been previously reported (12, 13. 20). 
These results are representative, without exception, of find- 
ings in 20 AD and 10 ND patients. Moreover, Clq colocal- 
ization with sites of ^-AP-containing structures or ^AP 
immunoreactivity is equally evident in such brain areas as 
temporal cortex, amygdala, and hippocampus, a result that 
has been replicated, without exception, in 20 AD patients. 

Clq Immunoreactivity Does Not Colocalize with Immuno- 
globulin Immunoreactivity. Although immunoglobulin has 
been reported to occur in AD brain tissue (13. 18. 19, 25), it 
does not colocalize with Clq immunohistochemically (Fig. 
2). Rather, immunoglobulin immunoreactivity occurs on 
scattered clusters of neurons not associated with senile 
plaques (Fig. 2A). and Clq immunoreactivity occurs in the 
context of /3-AP-containing structures such as senile plaques 
(Figs. IB and IB), These findings have been repeated in 15 
AD patients with seven different anti-immunoglobulin anti- 
bodies or Fab figments (e.g. , 1:500 sheep anti-human IgG Fc 
from Bioproducts for Science, Indianapolis; 1:500 sheep 
anti-human IgG Fab from Bioproducts for Science; 1:2000 
goat F(ab')2 anti-human IgG from Cappel Laboratories). The 
fact that immunoreactive immunoglobulin can be detected at 
all in these studies is important, since it shows that the failure 
to observe immunoglobulin in association with Clq is not the 
result of inadequate techniques. Much of the immunoglobulin 
staining in brain has been suggested to be an artifact due to 
postmortem vascular changes (26). Our studies tend to con- 
fum this hypothesis. Immunoglobulin immunoreactivity sim- 
ilar to that of the representative AD patient in Fig. IB is 
equally apparent in nondemented young adult patients 
(S.D.S. and J.R., unpublished data). The staining is patchy 
throughout all areas of brain; tending to occur diffusely in 
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Fig. 2. Serial sections of AD anterior cingulate gyrus that have 
reacted with a polyclonal antiserum directed against human immu- 
noglobulin {A) or a monoclonal antibody directed against Clq {B). 
Immunoglobulin and Clq inmiunoreactivities do not colocalize here 
or in other similar sections. For orientation, arrows indicate a blood 
vessel in the two adjacent sections. (Calibration bar equals 60 /im.) 

clusters several hundred yim in diameter that are centered on 
or near large blood vessels. By contrast, Clq immunoreac- 
tivity is evident only in areas of brain that feature significant 
^AP deposition, such as association cortex and limbic 
system, and colocalization is to sites of ^-AP deposition or 
ji-AP immunoreactivity, not necessarily to blood vessels. It 
is therefore most parsimonious to conclude that the localiza- 
tion of Clq to ^-AP-containing AD pathological sites is 
antibody independent. 

/3-AP Binds Clq in Vitro, Dot blots of immobilized /3-AP- 
(1-38), /3-AP-(l-28), and APPs 751 appear to bind physio- 
logical concentrations of Clq in vitro (Fig. 3). The result with 
APPs 751 is interesting since this peptide contains /3-AP-(l- 
15) as its carboxyl terminus. Similar results have been 
obtained in four different replicate experiments in the labo- 
ratory of J.R., as well as in experiments performed in the 
laboratory of P.L.M. 

^-AP Activates the Classical Complement Pathway in CH50 
Assays. Colocalization of complement* proteins with /3-AP- 
containing AD structures does not necessarily prove com- 
plement activation nor does it provide a mechanism for such 
activation. To test for the latter, a standard m vitro assay of 
complement activation, CH50, was employed (23). Refer- 
enced to the percent activity of normal serum, the CH50 
remaining at ^-AP-(l-38) concentrations of 125, 250, and 500 
Mg/ml was 85.0%. 45.8%, and 0.0%, respectively. This 
antibody-independent complement activation is approxi- 
mately 10-fold greater than that for equivalent amounts of the 
oncornaviruses rat leukemia virus, primate Rauscher leuke- 
mia virus, Rauscher leukemia virus, and Moloney leukemia 
virus under similar assay conditions (22). These results have 
been confirmed in three different replicate experiments. 

/3-AP Activates the Classical Complement Pathway in 
ELISAs. The CH50 data were confirmed and extended by 
using an ELISA for measurement of complement activation. 
This assay is based on detection of newly formed C3b after 
incubation of test peptides with normal serum. Results are 



BSA 



TGF 




APPs 751 



SAP-{1-38) 



0AP-(1-28) 



Fig. 3. Clq binding to BSA. the transmembrane domain of TGF. 
APPs 751, ^-AP-(l-38), and ^-AP-(l-28). Clq was deleted from the 
- right lane-to-control for-nonspecific.reactivity„ofJhejClq^tib<^^ 
and detection system. Untreated membranes and control peptides— 
here, BSA and TGF— do not show detectable Clq binding, whereas 
peptides containing, as a minimum, the ^-AP-(1-15) sequence— here. 
APPs 751. ^-AP-(l-38), and 0-AP-(l-28)— do. Clq was obtained 
from Quidel and BSA (fraction V) was obtained from Sigma. APPs 
751. /5-AP fragments, and TGF were the generous gift of Athena 
Neurosciences (San Francisco). 

shown in Fig. 4. Essentially background measures of com- 
plement activation were observed with BSA, TGF (trans- 
membrane domain), and APPs 751, whereas activation by 
^-AP-(l-38) and /3-AP-(l-28) was as much as 4- to 5-fold 
higher. Interestingly, ^-AP fragments containing all or part of 
Uie first 16 ^AP amino acid residues [e.g=, ^-AP-fl-aS), 
-(1-16), -(10-28)1 activated complement, whereas )3-AP frag- 
ments not containing these residues [e.g., ^AP-(17-28), 
-(24-35)] did not. Interactions with the alternative pathway 
are unlikely to explain these results: (1) alternative pathway 
activation is weak to absent at the 1:20 serum dilutions used 
in the present experiments; and (I'O activation is abolished 
when MgEGTA-treated serum is used— a condition wherein 
alternative pathway activation can occur, but classical path- 
way activation cannot. These data were replicated over three 
different assays. Measurement of ODs at time points other 
than those shown in Fig. 4 gave lower or higher values 
depending on length of incubation, but the pattern of results 
remained the same. In summary, these data show that ^AP 
and )3-AP fragments containing all or part of residues 1-16 can 
functionally activate the classical pathway complement cas- 
cade without mediation by immunoglobulin. 

/3-AP Activates the Full Classical Pathway Complement 
Cascade in Vivo, Like that for Clq, immunoreactivity for 
other complement proteins occurs in the context of )3-AP- 
containing AD pathological structures (Fig. 5). For example, 
serial sections through plaques stained by using antibodies 
directed against Clq and C4d coupled with thioflavin his- 
tochemistry reveal that Clq and C4d immunoreactivities 
colocalize with thioflavin-positive plaques (Fig. 5 A-Q. 
Because attachment of C4d requires full activation of the CI 
complex (8), these in situ data strongly support the in vitro 
observation that /3-AP functionally activates complement. 
Similar results can be shown for the final steps of complement 
activation, including the MAC, C5b-9 (Fig. 5 D and £), 
indicating that 0-AP not only activates complement but may 
lead to complement-mediated pathogenesis at sites of ^-AP 
deposition. 

DISCUSSION 

The converging evidence presented here strongly supports 
the hypothesis that /3-AP can directly activate complement in 
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Fig. 4. Complement activation by ^AP and related peptides in 
an EUSA. Mean ODs (± SEM) at 6 min, reflecting formation of the 
activated C3 fragment G3b, are shown. 

the AD brain without the usual mediation of immunoglobulin. 
We have demonstrated the mechanism for this process in 
vitro, and we have shown that the process may occur in situ 
in the context of ^AP deposits and ^AP-containing AD 
pathological structures. Colocalization of C5b-9, the MAC, 
with /3-AP immunoreactivity is particularly important in this 
regard, since the formation of the MAC is direct evidence that 
full-blown complement activation has occurred at the site. 

Although it remains possible that /3-AP-njediated comple- 
ment activation in AD is simply a response to pathogenesis 
. rather than a cause, several points argue for a more primary 
role. In the periphery, complement-mediated membrane at- 
tack can be a generally beneficial mechanism for removing 
infected or damaged cells, even if some healthy cells are 
removed in the process by bystander lysis (21). Nerve cells, 
however, are postmitotic. For this reason, membrane attack 
on nervous tissues adjacent to ^AP deposits would almost 
certainly have deleterious consequences, even as a purely 
undirected bystander phenomenon. In addition, other labo- 
ratories have now demonstrated that complement defense 
mechanisms such as the membrane inhibitor of reactive lysis 
(MIRL, CD59) (14), vitronectin (S-protein) (27), and SP40,40 
(28) are up-regulated in AD brain. The need for these mech- 
anisms also supports the idea that ^-AP-mediated comple- 
ment activation has pathogenetic significance in AD. Finally, 
the presence of the MAC, C5b-9, generated as the result of 
^ complement activation, implies binding to brain tissue 
(healthy as well as dystrophic), since the )3-AP deposits at the 




Fig. 5. (A-Q Serial 50-/*m-thick sections from AD superior 
frontal gyrus, showing immunohistochemical colocalization of Clq 
(A), C4d (B), and thioflavin S-positive senile plaques (C). The full 
range of complement proteins colocalize within the same plaques. D 
and E, for example, illustrate C4d and C5b-9 immimoreactivities, 
respectively, in serial sections from AD hippocampus. Note that* 
although the same plaques are labeled, different elements within the 
plaques are stained. This is the expected result, since C5b-9 (but not 
C4d) requires a cell membrane point of attachment. Mouse mono- 
clonal antibodies to human C4d and C5b-9 were obtained from 
Quide! and used at 1:1000 dilutions. (Calibration bar equals ICQ fjon 
in A-C and 50 /mi in /> and E). 

site do not offer an appropriate cell membrane target. This 
cytolytic process, together with other sequela of complement 
activation such as opsonization (tai:geting) of tissue for scav- 
enger cell attack and anaphylotoxin signaling to scavenger 
cells, is difficult to construe as other than pathogenic. 

Antibody-independent complement activation has ample 
precedent both as a basic immunological phenomenon and as 
a mechanism of human disease (21, 22). In the fluid phase, 
Clq binding to naturally occurring nonimmunoglobulin sub- 
strates is typically handled by such regulatory factors as CI 
inhibitor, so that full-blown complement activation does not 
occur (21). For this reason, APPs 751 would be unlikely to 
activate complement in vivo (and does not do so in vitro). 
Likewise, as a cellular or membrane-bound protein (1), APP 
would still be unlikely to activate complement because cel- 
lular defense mechanisms such as decay-accelerating factor, 
homologous restriction factor (HRF), and membrane cofac- 
tor protein (MCP) would come into play (21), and, as noted 
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above, several of these have been recently demonstrated to 
be up-regulated in AD. 

jS-AP deposits, on the other hand, would have no such 
protection from the compleihelit cascade. Our experiments 
show that ^-AP and ^-AP fragments actively bind (Jlq, the 
first component of the CI complex (Fig. 3). Insoluble in the 
fluid phase (1-3), ^-AP would be subject to this Clq binding 
without subsequent regulation by fluid-phase inhibitors. As 
an insoluble self-aggregating deposit (1-3), /3-AP itself would 
also not be able to generate the cellular regulatory factors that 
inhibit complement activation. Thus, the antibody- 
independent ^-AP-mediated complement activation that we 
have demonstrated in vitro would be likely to run its full 
course in vivo, having an impact on immediately adjacent 
tissues — a point that is strongly reinforced by colocalization 
of the MAC, the final component of complement activation, 
with ^-AP deposits, Clq, and C4d (Figs. 1 and 5). 

Several important markers of immune function have now 
been demonstrated in AD brain tissue, many of them highly 
colocalized with.AD pathological_structures^ These include 
immunoreactive markers for m^or histocompatibility com- 
plex class I and II glycoproteins, cytokines, Fc and comple- 
ment receptors, complement regulatory factors, and classical 
pathway complement proteins from Clq through the MAC 
(11-15, 18-20, 27, 28). Recent data also suggest that mRNA 
for complement proteins may exist in CNS cells (29), raising 
the possibility of endogenous complement production within 
the CNS. For these and other reasons, several investigators 
have suggested that classical pathway complement activation 
occurs in AD brain (12, 13, 18, 19), but no demonstration of 
this process has been provided beyond the level of immuno- 
histochemical visualization of complement, nor has any 
mechanism for complement activation been proffered. Our 
demonstration of )3-AP-induced complement activation pro- 
vides such a mechanism and may have explanatory power for 
other facets of AD pathogenesis. For example, the antibody- 
independent nature of )3-AP-induced complement activation 
may help explain why classical pathway complement pro- 
teins are so easily demonstrated in the AD brain (12, 13, 
18-20), but the expected co-occurrence of AD-specific anti- 
bodies has been difficult to detect in the great majority of 
cases (18, 26). 

The cause of the dementia of AD is neuronal and neuntic 
damage, but the cause of AD neuronal and neuntic damage 
has remained elusive. The fact that we use excessive depo- 
sition of p-AV as a unique hallmark and diagnostic criterion 
may underlie and perhaps justify the experimental attention 
this peptide has received as a pathogenic factor in AD. 
However, our laboratory and others (30) have noted exten- 
sive ^-AP deposition in postmortem brain samples from 
several elderly patients who were considered to be nonde- 
mented throughout life. Likewise, the cerebellum typically 
exhibits little if any clinical or neural pathology in AD but 
contains significant numbers of diffuse /3-AP deposits (31). 
These findings suggest that /3-AP may be a necessary but not 
sufficient element in AD pathogenesis, a concept that fits well 
with the present data and other published reports. For 
example, full complement activation appears to occur in the 
context of compacted association cortex /3-AP deposits, but 
it does not occur in the context of difliise cerebellar )3-AP 
deposits (32, 33). Although both sites contain /3-AP (albeit in 
different aggregation states), it is the association cortex that 
exhibits concurrent complement activation and neuritic pa- 
thology. We also note that AD may well have multiple 
pathogenic bases and, indeed, this could extend even to the 
^-AP molecule itself. For example, ^-AP might have an 
innate but limited neurotoxicity (4, 5) that is exacerbated by 
complement activation. Such hypotheses may be amenable 
to testing by using neuronal culture and other models. 
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Alzheimer disease (AD) is characterized by excessive deposition of the B-amyloid peptide (fi-AP) in the 
central nervous system. Ahhough several lines of evidence suggest that B-AP is neurotoxic, a mechanism 
for B-AJP toxicity in AD brain remains unclear. In this paper we provide both direct in vitro evidence that 
B-AP can bind and activate the classical complement cytolytic pathway in the absence of antibody and 
indirect in situ evidence that such actions occur in the AD brain in association with areas of AD 
pathology. 



This article has been cited by other articles: 



• Budayova-Spano, M., Lacroix, M., Thielens, N. M., Arlaud, G. J., Fontecilla-Camps, J, C, 
Gaboriaud, C. (2002). The crystal structure of the zymogen catalytic domain of complement 
protease Clr reveals that a disruptive mechanical stress is required to trigger activation of the CI 
complex. £:MB0 J. 21: 231-239 [Abstract] [Full Textl 

• Tacnet-Delorme, P., Chevallier, S., Arlaud, G. J. (2001). {beta} -Amyloid Fibrils Activate the CI 
Complex of Complement Under Physiological Conditions: Evidence for a Binding Site for A {beta} 
on the Clq Globular Regions. TheJI 167: 6374-6381 [Abstract! [Full Textl 

• Soane, L., Cho, H.-J., Niculescu, F., Rus, H., Shin, M. L. (2001). C5b-9 Terminal Complement 
Complex Protects Oligodendrocytes from Death by Regulating Bad Through Phosphatidylinositol 
3-Kinase/Akt Pathway. The JI 167: 2305-23 1 1 FAbstractl [Full Textl 

• Webster, S. D., Galvan, M. D., Ferran, E., Garzon-Rodriguez, W., Glabe, C. G., Tenner, A. J. 
(2001). Antibody-Mediated Phagocytosis of the Amyloid {{beta}} -Peptide in Microglia Is 
Differentially Modulated by Clq. The JI 166: 7496-7503 [Abstract] [Full Textl 

• Selkoe, D. J. (2001). Alzheimer's Disease: Genes, Proteins, and Therapy. Physiol. Rev 81: 741-766 
[Abstract] [Full Textl 

• Speth, C, Stockl, G., Mohsenipour, L, Wurzner, R., Stoiber, H., Lass-Florl, C, Dierich, M. P. 
(2001). Human hnmunodeficiency Virus Type 1 Induces Expression of Complement Factors in 
Human Astrocytes./. Virol. 75: 2604-2615 [Abstract] [Full Text] 

• Yang, L.-B., Li, R., Meri, S., Rogers, J., Shen, Y. (2000). Deficiency of Complement Defense 
Protein CD59 May Contribute to Neurodegeneration in Alzheimer's Disease. J. Neurosci. 20: 



1 of 3 



3/5/02 9:45 AM 



PNAS - Abstracts: Rogers et ai. 89 (21): 10016 



http://www.pnas.Org/cgi/content/abstract/89/2 1 /1 00 1 6 



7505-7509 [Abstract] [Full Text] 

• Nepomuceno, R. R., Tenner, A. J. (1998). ClqRP, the Clq Receptor That Enhances Phagocytosis, 
Is Detected Specifically in Human Cells of Myeloid Lineage, Endothelial Cells, and Platelets. The 

_J/J6Q:-1929^1935, rAbstract1 - [EulLText1 -^^^ — ^ 

• Sahu, A., Soulika, A. IvL, Morikis, D., Spruce, L., Moore, W. T., Lambris, J. D. (2000). Binding 
Kinetics, Structure-Activity Relationship, and Biotransformation of the Complement Inhibitor 
Compstatin. The // 165: 2491-2499 [Abstractl [Full Text] 

• Singhrao, S. K., Neal, J. W., Rushmere, N. K., Morgan, B. P., Gasque, P. (2000). Spontaneous 
Classical Pathway Activation and Deficiency of Membrane Regulators Render Human Neurons 
Susceptible to Complement Lysis. Am J Pathol 157: 905-918 FAbstractl [Full Text] 

• Dodel, R., Du, Y., Bales, K. R., Gao, F., Paul, S. (1999). Sodium Salicylate and 17 {beta} -Estradiol 
Attenuate Nuclear Transcription Factor NF- {kappa} B Translocation in Cultured Rat Astroglial 
Cultures Following Exposure to Amyloid A{beta} 1-40 and Lipoplysaccharides. JNeurochem 73: 
1453-1460 [Abstract] [Full Textl 

A^Sayah,_S.,Jschenko,_A..M., Zhakhov,.A.,3j)nnar^^^^ 

Cytokines by Human Astrocytomas Following Stimulation by C3a and C5a Anaphylatoxins: 
Specific Increase in Interleukin-6 mRNA Expression. JNeurochem 72: 2426-2436 
[Abstractl [Full Textl 

• Gaboriaud, C, Rossi, V., Bally, I., Arlaud, G. J., Fontecilla-Camps, J. C. (2000). Crystal structure 
of the catalytic domain of human complement Cls: a serine protease with a handle. EMBO J, 19: 
1755-1765 [Abstract] [Full Textl 

• Farkas, I., Baranyi, L., Takahashi, M., Fukuda, A., Liposits, Zs., Yamamoto, T., Okada, H. (1998). 
A neuronal C5a receptor and an associated apoptotic signal transduction pathway. J Physiol Lond 

• Stoltzner, S. E., Grenfell, T. J., Mori, C, Wisniewski, K. E., Wisniewski, T. M., Selkoe, D. J., 
Lemere, C. A. (2000). Temporal Accrual of Complement Proteins in Amyloid Plaques in Down's 
Syndrome with Alzheimer's Disease. Am J Pathol 156: 489-499 [Abstract] [Full Text] 

• Wagner, S. L., Munoz, B. (1999). Modulation of amyloid {beta} protein precursor processing as a 
means of retarding progression of Alzheimer's disease. J, Clin. Invest. 104: 1329-1332 [Full Text] 

• Gonzalez-Scarano, F., Baltuch, G. (1999). MICROGLIA AS MEDIATORS OF 
INFLAMMATORY AND DEGENERATIVE DISEASES. Annu, Rev. Neurosci. 22: 219-240 
[Abstract] [Full Text] 

• Price, D. L., Tanzi, R. E., Borchelt, D. R., Sisodia, S. S. (1998). ALZHEIMER'S DISEASE: 
Genetic Studies and Transgenic Models. Annu. Rev. Genet. 32: 461-493 [Abstract] [Full Textl 

• Yasojima, K., Schwab, C, McGeer, E. G., McGeer, P. L. (1999). Up-Regulated Production and 
Activation of the Complement System in Alzheimer's Disease Brain. Am J Pathol 154: 927-936 
[Abstract] [Full Text] 

• Rogers, J. T., Leiter, L. M., McPhee, J., Cahill, C. M., Zhan, S.-S., Potter, H., Nilsson, L. N. G. 
(1999). Translation of the Alzheimer Amyloid Precursor Protein mRNA Is Up-regulated by 
Interleukin-1 through 5'-Untranslated Region Sequences. J. Biol Chem. 21 A: 6421-6431 
[Abstract] [Full Textl 

• Blasko, L, Marx, F., Steiner, E., Hartmann, T., Grubeck-loebenstein, B. (1999). TNF{alpha} plus 
IFN {gamma} induce the production of Alzheimer B-amyloid peptides and decrease the secretion of 
APPs.FASEBJ. 13: 63-68 [Abstract] [Full Text] 

• Stohr, J., Schindler, G., Rothe, G., Schmitz, G. (1998). Enhanced Upregulation of the Fc{gamma} 
Receptor nia (CD 16a) During In Vitro Differentiation of ApoE4/4 Monocytes. Arterioscler Thromb 
18: 1424-1432 [Abstract] [Full Text] 

• Bradt, B. M., Kolb, W. P., Cooper, N. R. (1998). Complement-dependent Proinflammatory 
Properties of the Alzheimer's Disease beta -Peptide. J. Exp. Med. 188: 431-438 
[Abstract] [Full Text] 



2 of 3 



3/5/02 9:45 AM 



PNAS - Abstracts; Rogers et al. 89 (21): 10016 



http://www.pnas.Org/cgi/content/abstract/89/2 1 / 1 00 1 6 



• Makrides, S. C. (1998). Therapeutic Inhibition of the Complement System. Pharmacological 
Reviews 50: 59-88 [Abstract] FFull Textl 

• Lezoualc'h, F., Sagara, Y., Holsboer, F., Behl, C. (1998). Higli Constitutive NF-kappa B Activity 

Mediates Resistance to Oxidative Stress in Neuron al Cells. J. Neurosci. 18: 32 24-3232 

[Abstract! TFull Textl 

• Kuo, Y.-M., Emmerling, M. R., Vigo-Pelfrey, C, Kasunic, T. C, Kirkpatrick, J. B., Murdoch, G. 
H., Ball, M. J., Roher, A. E. (1996). Water-soluble Abeta(N-40, N-42) Oligomers in Normal and 
Alzheimer Disease Brains. / Biol. Chem. 271 : 4077-4081 CAbstractl [Full Textl 

• Johnson- Wood, K., Lee, M., Motter, R., Hu, K., Gordon, G., Barbour, R., Khan, K., Gordon, M., 
Tan, H., Games, D., Lieberburg, I., SchenJc, D., Seubert, P., McConlogue, L. (1997). Amyloid 
precursor protein processing and Abeta 42 deposition in a transgenic mouse model 

of Alzheimer disease. Proc. Natl. Acad. Sci. U. S. A. 94: 1550-1555 rAbstractI TFuU Textl 

• MoUer, T., Nolte, C, Burger, R., Verkhratsky, A., Kettenmann, H. (1997). Mechanisms of C5a and 
C3a Complement Fragment-Induced [Ca2+]i Signaling in Mouse Microglia. J. Neurosci. 17: 
615-624 rAbstractI [Full Textl 

• Selkoe, D. J. (1996). Amyloid beta -Protein and the Genetics of Alzheimer's Disease. J. Biol. Chem. 
271: 18295-18298 [Full Textl 

• Garzon-Rodriguez, W., Sepulveda-Becerra, M., Milton, S., Glabe, C. G. (1997). Soluble Amyloid 
Abeta -(1-40) Exists as a Stable Dimer at Low Concentrations. J. Biol. Chem. 272: 21037-21044 
[Abstract! [Full Textl 

• Paresce, D. M., Chung, H., Maxfield, F. R. (1997). Slow Degradation of Aggregates of the 
Alzheimer's Disease Amyloid beta -Protein by Microglial Cells. J. Biol. Chem. Ill: 29390-29397 
[Abstract] [Full Textl 

• Giuhan, D., Haverkamp, L. J., Yu, J. H., Karshin, W., Tom., D., Li, J., Kirkpatrick, J., Kuo, Y.-M., 
Roher, A. E. (1996). Specific Domains of beta -Amyloid from Alzheimer Plaque Elicit Neuron 
KilHng in Human MicrogUa. J. Neurosci: 16: 6021-6037 [Abstract] f Full Text] 



Copyright © 1992 by the National Academy of Sciences 



3 of 3 



3/5/02 9:45 AM 



